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Abstract 
Compressor blades often have a small ‘spike’ in the surface pressure distribution at the 
leading edge. This may result from blade erosion, manufacture defects or compromises made in the 
original design process.  
In this thesis it is shown that these spikes will increase the loss generated by a blade only 
when they become large enough to initiate boundary layer transition at the leading edge through a 
separation bubble; this process increases profile loss by about 30%. A criterion is presented, based 
on the spike diffusion, which can be used to determine whether leading edge transition will occur 
or not; this criterion is simple and quick to determine and has to potential to be used on a 
production line to reject those leading edges that would otherwise be detrimental. 
The spikes are also shown to have a significant effect on the flow close to the endwalls. If 
they cause leading edge transition in this region then they will cause a growth in the size of the 
three-dimensional separations that exist in the corner between the blades’ suction surfaces and the 
endwalls. On the low speed stator tested this process increased hub loss by around 100%. 
Thus to prevent spikes becoming large a new method for producing a ‘spikeless’ leading 
edge has been developed; this leading edge can be attached easily to the thickness distribution of 
any blade and was found to be sharp, that is with very high curvature at the leading edge point. 
This spikeless leading edge was also found to be the best when the effects of real 
manufacture deviations, measured off of a production line, were considered. Asymmetry was found 
to be detrimental and bluntness was only beneficial when unrealistically large deviations were 
considered. The best leading edge geometry is therefore sharp and symmetric. 
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Chapter 1  
Introduction 
Current estimates suggest that aviation is responsible for less than 2% of global carbon 
dioxide emissions1. Of this, about 90% is emitted by the 10% of the global population living in rich 
westernised nations. However, as new countries such as India and China emerge, the wealth and 
aspirations of their far larger populations will increase, opening up an emerging market for air 
travel. With no alternative to the jet engine two challenges must be overcome in order to control 
emissions: Firstly the efficiency of new engines needs to improve; and secondly methods of 
improving current in-service engines, which may operate for up to 25 years, must be implemented.  
The question asked in this thesis is whether both challenges can be addressed by improving 
the geometry of the front 2% of all compressor blades (their leading edges). Such a change could 
be introduced into new engines or retro-fitted to old ones without an expensive engine redesign; it 
could be implemented by simply replacing or re-profiling the blades. 
 
 
Figure 1-1: Cut away of the Rolls-Royce Trent 700. 
                                                 
1 Source: International institute for environment and development 
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The effect that improving the leading edge geometry may have has recently been quantified 
by Norris (2008) in an Aviation Week case study of the Rolls Royce Trent 700EP, shown in 
cutaway in Figure 1-1. By upgrading the leading edges of the compressor blades in the High and 
Intermediate pressure compressor from being circular to elliptical, reductions in fuel burn of 1.3% 
were achieved; this is equivalent to a reduction in profile loss of around 30% for each blade. The 
benefits are achieved by improving the flow in the boundary layer passing over the early suction 
surface; with an elliptical leading edge the boundary layer remains attached and laminar, but with 
the circular leading edge a small separation bubble occurs causing the boundary layer to reattach 
turbulent, a schematic demonstrating both cases is shown in Figure 1-2.  
 
 
Figure 1-2: Schematic of two types of flow around a leading edge. 
 
The question therefore arises to why Rolls Royce and other engine companies had not 
tackled this problem before. The first reason is that, with limited experimental capability, engine 
companies rely on CFD codes which assume that boundary layers are all turbulent. By ignoring the 
presence of laminar flow, the leading edge geometry is predicted to have little effect. The second 
reason is that leading edges are very small, typically 0.5mm in thickness; this makes them 
structurally weak and susceptible to erosion. To overcome this, the leading edges are thickened up, 
making their profile blunter, which promotes premature transition. 
The reason that some leading edges are more susceptible to premature transition than others 
is due to a spike in the surface pressure distribution at the leading edge, such as the one shown 
schematically in Figure 1-3. It is the diffusion associated with these spikes that makes the boundary 
layers prone to separate; the flow then transitions in the separated shear layer thus increasing 
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profile loss. Throughout this thesis spike height is quantified using a spike diffusion factor, Dspike, 
based on the inviscid surface velocity distribution, and is defined in Equation 1. This is based on 
the principle of the local diffusion factor of Lieblien (1956) and represents the magnitude of spike 
induced boundary layer diffusion, from the peak to the trough of the spike. The inviscid spike is 
used because it is a unique function of blade geometry at a given incidence and is a direct measure 
of the detrimental effect of the leading edge on the boundary layer. The inviscid spike has the 
added advantage that, unlike the viscous spike, it does not collapse as leading edge separation 
occurs. At extreme incidences the spike becomes indistinguishable from the global pressure 
distribution; in these cases no attempt is made to quantify the spike.  
 
max
minmax
u
uuDspike
−=  (1-i)
 
s
-cp m
Suction-surface
spike
Trough of spike
(evaluate u )min
Peak of spike
(evaluate u )max
 
Figure 1-3: Schematic of the spike in the surface pressure distribution at the leading edge of a 
compressor blade.  
 
In order to determine the effect that these spikes have and ensure that they are not 
detrimental in real engines, this thesis, after a review of the literature (Chapter 2) and explanations 
of the experimental and computational methods (Chapters 3 & 4), sets out to ask a number of key 
questions: Firstly, because the spikes determine whether the leading edge will be detrimental, 
which flow and geometric parameters most affect their size (Chapter 5)? Secondly, very few 
leading edge geometries have been investigated, if a wider design space is used can a leading edge 
with no spike be designed (Chapter 6)? Thirdly, it is not clear how the profile loss changes as a 
function of spike height, can this be quantified and can their size be used as a metric for leading 
edge quality (Chapter 7)? Fourthly, the overall blade loss is also affected by three-dimensional flow 
close to the endwalls, what effect do spikes have on this (Chapter 8)? Finally, the leading edges 
will rarely match the design intent in practice, when the effects of manufacture deviations are 
considered does the ideal leading edge geometry change (Chapter 9)? The thesis is completed in 
Chapter 10 by highlighting the key conclusions determined in this research and suggesting future 
work that would answer the questions raised throughout. 
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Chapter 2  
Literature review 
The spike in surface pressure distribution at the leading edge exists because of the large, 
local changes in surface curvature that the flow has to negotiate. Cumpsty (1989) questions the 
potential effects these spikes have on compressor performance. He notes that cascade tests by 
Andrews (1949) exhibit nearly constant loss over a wide incidence range, despite a “very large” 
spike in the calculated pressure distribution at high incidence. Cumpsty states: ‘since there is good 
reason to expect the spikes to have been present in the tests, it is not clear why they do not lead to 
massive boundary layer separation and a severe degradation in performance.’ This raises the 
question of how spikes affect the flow around the leading edge.  
Evidence that spikes have a large effect on performance is found in work published by Carter 
(1961). He systematically changed the ratio of leading edge radius to max thickness of a 
compressor blade from 8% to 35%. The conventional wisdom, founded in aerofoil theory, predicts 
that the lowest value or ‘sharpest’ leading edge would have the narrowest operating range because 
the spike would be very large away from design incidence. The opposite was found with the 
sharpest leading edge having the widest operating range; the results are reproduced in Figure 2-1. 
In the discussion of his paper two other people reported similar trends. These large effects caused 
by small changes in leading edge geometry, raise the question as to whether changes in spike 
height are important. It also raises the questions of why a ‘sharp’ leading edge has the widest 
operating range and whether this is the result of the leading edge having either no spike, or only a 
small spike over a wide range of incidences. 
This chapter investigates the background behind these observations and raises a number of 
key questions that will then be answered throughout the rest of the thesis: Firstly, how does the 
spike affect the flow around the leading edge? Secondly, how and why does this affect the profile 
loss (loss generated within the blade’s boundary layers)? Finally, what effect may spikes have on 
the three-dimensional flow that exists in real compressors? 
   5 
 
 
Figure 2-1: Reproduction of Carter’s (1961) results: Effect of leading edge radius on cascade 
performance (M = 0.5, Re not specified) 
2.1 The effect of spikes on the flow around the leading edge 
Spikes are affected by a number of parameters; these include leading edge geometry, inlet 
incidence, Reynolds number, Mach number, and the presence of incoming wakes from upstream 
blade rows. In this section the effect that these parameters have on the flow around the leading edge 
will be investigated. Of particular importance are two effects: Firstly whether the spike causes the 
flow around the leading edge to separate or to remain attached, as shown in Figure 1-2; and 
secondly what effect the spike has on the boundary layer just downstream of the leading edge. 
2.1.1 The effect of leading edge geometry 
There are two geometries of leading edge that are predominantly reported in the literature, 
circular and elliptical. Walraevens & Cumpsty (1995) showed that if a circular leading edge were 
replaced by an elliptical one (in their case with a 1.89:1 semi axis ratio) then the spike could be 
reduced. They tested both geometries on a flat plate in subsonic flow (M < 0.1, ReLE = 3000 (based 
on LE half thickness), Tu = 0.5%). At 0° incidence the values of cp at the peak of the spikes were    
-0.6 for the elliptical leading edge and -1.0 for the circular leading edge (~70% larger); in this case 
the flow around the elliptical leading edge remained attached; the flow around the circular leading 
edge separated.  
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Subsequent testing by Wheeler et al. (2009) investigated the behaviour of a circular and a 
3:1 elliptical leading edge on a stator in a low speed compressor (M = 0.1, Rec = 2.8x105, Tu = 
2.5%). At design incidence the spike with the circular leading edge was five times larger than the 
spike with the elliptical leading edge. The flow around the circular leading edge separated, 
reattaching turbulent, whilst the flow around the elliptical leading edge remained attached and 
laminar. The effect of this change was to increase the profile loss by 32% with the circular leading 
edge. The pressure distributions near the leading edge together with the geometries tested are 
shown in Figure 2-2.  
 
 
Figure 2-2: The effect of leading edge geometry on the surface pressure distribution: Circular and 
3:1 Elliptical leading edges, from Wheeler et al. (2009). 
A second geometric parameter that can affect the size of the spike, and thus the flow around 
the leading edge is the ‘wedge angle’; this is defined as the included angle between the two blade 
surfaces when tangent to the leading edge circle/ellipse. Two examples of circular leading edges 
with different wedge angles are shown schematically in Figure 2-3. The leading edge on top, with a 
15° wedge angle, was the one tested by Wheeler et al. (2009); the one below, with a 32° wedge 
angle, was tested by Wheeler & Miller (2008) in the same experimental rig (M = 0.1, Rec = 
2.8x105, Tu = 2.5%). At design incidence the flow around this leading edge remained attached and 
laminar. 
A computational study of the effect of wedge angle was performed by Sofia (2006) using the 
CFD code MISES. In this study he systematically changed the wedge angle with both a circular 
and a 3:1 elliptical leading edge. He found that the flow on the suction surface around the elliptical 
leading edge remained attached and laminar for all wedge angles; at a critical wedge angle the flow 
   7 
around the circular leading edge separated. At wedge angles above this the circular and elliptical 
leading edges had equivalent loss; at lower wedge angles the loss with the circular leading edge 
was over 20% greater. The results are shown in Figure 2-3.  
 
 
Figure 2-3: Effect of wedge angle on profile loss with two leading edges at design incidence, from 
Sofia (2006). Results calculated using MISES. 
 
It is thus clear that the leading edge geometry does affect the loss at design incidence by the 
way that changes to the geometry affect the size of the spike. This raises the question of whether 
further improvements can be made to leading edges by removing the geometric constraints of using 
circles and ellipses; the ultimate question is whether these spikes can be removed altogether. One 
constraint that it is not possible to remove, however, is the requirement for the leading edge to have 
a thickness limit to ensure structural integrity and erosion/impact tolerance. Such limits are usually 
described by a limiting thickness that must be surpassed a certain distance along the camberline. 
2.1.2 The effect of inlet incidence 
The effect of inlet incidence with different leading edges was reported by Walraevens & 
Cumpsty (1995) using their flat-plate. As they increased the incidence with the elliptical leading 
edge the spike grew and a separation appeared. This separation was, however, smaller than the one 
with the circular leading edge; at +2° of incidence the normalised boundary layer momentum 
thickness downstream of the reattachment (8.5 leading edge thicknesses along the surface) was 3 
times larger with the circular leading edge. 
When considering the effects of incidence they note that: “when discussing the formation of 
[leading edge] separation bubbles, care must be taken to refer to incidence relative to that at which 
the stagnation point is on the nose of the aerofoil”. This ‘local incidence’ to the leading edge, 
sketched in Figure 2-4, will often be amplified relative to the inlet incidence; this is because the 
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blade loading will cause the streamlines to curve up close to the leading edge: As incidence is 
raised so too is the loading thus amplifying the local incidence. This effect is discussed further in 
Chapter 5 and the amplifying factor is determined. 
 
 
Figure 2-4: Definition of local incidence, after Walraevens & Cumpsty (1995) 
 
The effect of incidence was investigated on real blade geometries by Wheeler & Miller 
(2008) who performed experiments on the stator of a single stage compressor; the leading edge was 
circular with a 32° wedge angle, as shown in Figure 2-3. At design incidence the flow around the 
leading edge remained attached and laminar. As the incidence was increased beyond a critical 
value the growth of the spike caused the flow to separate; this was observed using flow 
visualisation.  
There is little published literature to suggest the effect that different leading edge geometries 
may have on blades that are at the limits of their incidence range. The best evidence is the data 
published by Carter (1961), see Figure 2-1, which implies that sharper leading edges are preferable 
away from design incidence; this contradicts conventional wisdom which suggests they should be 
worse because their spikes will grow faster.  
The question is therefore raised of what governs how spikes grow with incidence and how 
this affects incidence range. It also raises the question of whether a leading edge that maximises 
incidence range would also perform well at design incidence; ultimately the ideal leading edge 
would have no spike over the entire operating incidence range. 
2.1.3 The effect of geometric deviations 
An additional problem with leading edges is that they are very small, often less than half a 
millimetre in thickness. This makes any deviations in manufacture, or subsequent in-service 
erosion likely to cause geometric changes that are significant in comparison to the leading edge 
length-scale. 
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Little work has been performed that quantifies the effect such deviations may have to the 
flow around the leading edge, but one piece of evidence, presented by Garzon & Darmofal (2003), 
suggests that they may be important. They measured the profiles of 150 blades and used a principle 
component analysis of their deviations to obtain a high-fidelity model of geometric variability. 
They then produced many deviated blades, using a transonic rotor as a baseline (M1 = 0.9, Rec = 
3x106). Finally a Monte Carlo simulation was run using all these blades in order to determine the 
effect of the deviations on the mean loss. 
The result from the Monte Carlo simulation is shown in Figure 2-5. This shows the entropy 
flux in both the pressure surface and suction surface boundary layers. Denton (1993) demonstrates 
that in an adiabatic flow the entropy flux is proportional to loss and quantified it using a dissipation 
coefficient, CD using Equation 2-i. 
 ∫= x D dxT VCS 0
3
δ
δρ&   (2-i)
The plot highlights two key points. Firstly the mean entropy generation on both surfaces 
increases with deviations; the majority of this change originates from the leading edge. Secondly, 
the large variation in loss caused by the deviations also originates from the leading edge. This 
suggests that the leading edge is very sensitive to deviations and raises the question of whether the 
best leading edge aerodynamically is also the best when deviated, i.e. should leading edges be 
designed to be robust to deviations? 
 
 
Figure 2-5: The effect of manufacture variability at the leading edge of a compressor blade from 
Garzon & Darmofal (2003) 
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2.1.4 The effect of Reynolds number and turbulence intensity 
The flow around the leading edge, whether attached or separated will be affected by both the 
Reynolds number and the turbulence intensity (defined as the ratio of the fluctuating component of 
the velocity to its mean component (u’/ū)). In engines the chord Reynolds number will vary from 
2x106 to 4x106 in large industrial gas-turbine compressors and from 0.6x106 to 1.2x106 at cruise in 
aero gas-turbine compressors (Schreiber et al. (2000)). Expected turbulence intensities, reported by 
Camp and Shin (1995), are around 4%. They performed measurements in the third stage of three 
four-stage low-speed compressors.  
The principle effect that Reynolds number and turbulence intensity may have is to alter the 
location of transition in both attached and separated boundary layers. In this section the detailed 
physics of transition are not considered, this is reserved for the next section; rather the effect of the 
flow around the leading edge is examined. For this flow the important length scale is that of the 
leading edge, and therefore the Reynolds number that should be considered, although rarely quoted, 
is the leading edge Reynolds number; this is often referenced to the leading edge half thickness 
giving values typically between 0.3x104 and 0.9x104 on aero-engine compressor blades. 
For attached flow around the leading edge the spike may cause premature transition if the 
Reynolds numbers and turbulence intensities are sufficiently high. This type of transition, known as 
bypass transition, is initiated by disturbances in the freestream and exacerbated by the less stable 
high Reynolds number boundary layers. Koller (1999) and Küsters et al. (1999) performed surface 
flow visualisations on a transonic cascade (M = 0.6) with varying inlet Reynolds numbers and 
freestream turbulence intensity. At a Reynolds number of 2.1x106 (ReLE = 4.1x104) and a 
turbulence intensity of 3% Koller demonstrates that transition starts to move to the leading edge, 
the flow visualisation is shown as the left hand image in Figure 2-6. In this figure it can be seen 
that, in some regions, transition occurs at the leading edge, initiating a wedge of turbulent flow, in 
the other regions it occurs downstream, close to peak suction. At a lower Reynolds number, Rec =  
1.9x106 (ReLE = 3.7x104), whilst some transition still occurred close to the leading edge, this was 
significantly reduced; this case is shown as the right hand image. An additional set of tests were 
performed at a chord Reynolds number of 2.0x106 (ReLE = 3.9x104); the turbulence intensity was 
varied from 0.7% to 4%. At the highest turbulence intensity transition uniformly occurred at the 
leading edge. These tests demonstrate that as Reynolds numbers or turbulence intensities become 
large transition jumps to the leading edge. 
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Figure 2-6: Effect of Reynolds number on attached leading edge transition. At a critical Reynolds 
number transition moves to the leading edge: Tu ~ 3%, M = 0.6. From Köller (1999) 
These Reynolds numbers are, however, very high compared to those expected in aero-engine 
compressors. More representative tests were performed by Steinert & Starken (1994). On a 
transonic cascade they showed that at Rec = 0.84x106 (ReLE = 2.0x104) and Tu = 2.5% the boundary 
layer stayed laminar to peak suction over a wide incidence range. The leading edge Reynolds 
numbers are still higher than expected in aero-engines, it is therefore likely that, in real machines, 
the flow will remain laminar if it does not separate around the leading edge. 
If the leading edge does separate, then Walraevens & Cumpsty (1995) showed that the 
structure of the resulting bubble may change which in turn changes the appearance of the spike. In 
their tests they varied the Reynolds number, incidence and turbulence intensity onto their flat plate 
with the elliptical leading edge. At the lowest turbulence intensity measured, as shown in Figure 
2-7(a), they demonstrated that increasing incidence increased the bubble length. When the 
incidence was between 1-2° the spike height grew with incidence; above 3° it grew no further 
because the separation bubble caused the spike to collapse. At a higher turbulence intensity (Tu = 
5%), shown in Figure 2-7(b) transition occurred faster, the bubble remained shorter and the spike 
continued growing with incidence. In the tests where they varied Reynolds number, the turbulence 
intensity was low, and whilst the bubble became shorter with increasing Reynolds number, because 
the spike had collapsed its height did not vary. 
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Figure 2-7: Effect of turbulence intensity on the spike with a separated leading edge (ReLE = 1500, 
M < 0.1) from Walraevens & Cumpsty (1995). 
 
This work raises the question of how to quantify the spike height when it is affected by 
Reynolds number and turbulence intensity. One metric that is independent of these is the inviscid 
spike height; this has two advantages: firstly it is a unique function of blade geometry at a given 
incidence; and secondly it is a direct measure of the detrimental effect of the leading edge on the 
boundary layer, i.e. it is the inviscid spike that initiates the separation, the collapsed spike is the end 
state. This will therefore be used throughout this thesis; the inviscid spike diffusion factor was 
defined in Equation 1-i. 
What is clear is that the leading edge Reynolds number needs to be correctly modelled if the 
flow around the leading edge is to be correctly modelled. This needs to be combined with an engine 
representative freestream turbulence intensity. 
2.1.5 The effect of Mach number 
In real engines the inlet flow velocity to blade rows can be close to or even exceeding the 
sonic velocity; Mach numbers may range from 0.3 to as high as 1.4 in some rotor tips. Tain & 
Cumpsty (2000) found that changes in Mach number affected the flow around the leading edge. 
They tested a circular leading edge on a flat plate in a transonic wind-tunnel at inlet Mach numbers 
between 0.5 and 0.95 measuring the effect on the momentum thickness of the downstream 
boundary layer; their results are shown in Figure 2-8. 
They were able to identify three clear regions. The first region, for Mach numbers less than 
0.85, showed that increasing Mach number caused the boundary layer to become thicker due to an 
increase in spike height. This change in spike height is driven by the Prandtl-Glauert effect, which 
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in subsonic flow states that regions of high pressure are also regions of high density; and 
conversely, that regions of low pressure are also regions of low density. At the leading edge this 
causes streamlines to converge close to the stagnation point and then diverge around the peak of the 
spike, effectively causing the leading edge to appear blunter, as shown in Figure 2-9.  
 
 
Figure 2-8: The effect of Mach number on the reattaching boundary layer, from Tain & Cumpsty 
(2000). Including a schematic of the characteristic waves at M = 0.88. 
The second region, between inlet Mach numbers of 0.85 and 0.9 shows the boundary layer 
momentum thickness decreasing with increasing Mach number. In this case the location of the 
shock wave that sits downstream of the spike becomes important by the way it interacts with the 
boundary layer. At the lowest Mach numbers, a weak shockwave sits close to the top of the spike, 
but increasing the Mach number moves it further downstream allowing some isentropic 
recompression first and thus reducing momentum thickness. At Mach numbers greater than 0.95 
the momentum thickness became independent of Mach number. 
 
 
Figure 2-9: The effect of compressibility on streamline curvature 
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In this thesis a number of different blades are considered. For the low speed blades tested 
(M1 ~ 0.1) compressibility may be ignored. All other blades used are transonic blades and sit in 
‘regime I’. It is worth noting, however, that as the spikes rise with incidence, even with inlet Mach 
numbers below 0.85 the flow in regime II or even III may occur. 
2.1.6 The effect of incoming wakes 
In real engines the incoming wakes from the upstream blade row, shown schematically in 
Figure 2-10, periodically increase the incidence seen at the leading edge; the velocity deficit in the 
frame of reference of the upstream blades translates to an incidence change in the frame of 
reference of the downstream row. A velocity triangle is shown in Figure 2-10 to demonstrate this. 
 
 
Figure 2-10: Schematic velocity triangle demonstrating the effect of incoming wakes periodically 
increasing incidence. 
 
The effect that this ‘wake incidence’ has was quantified by Wheeler et al. (2007). They 
performed experiments at design incidence on a stator in a single stage compressor. The stators had 
circular leading edges with a 32° wedge angle; the flow remained attached and laminar between 
wake interactions. During wake interactions the incidence, measured at stator inlet, increased by 
approximately 18°. This caused the spike height to increase, but not enough to cause separation. 
During these wake interactions they showed that the momentum thickness of the boundary layer 
increased by 16-17% near the leading edge (s/s0 = 6.7%).  
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The wake also had a second effect due to its elevated turbulence intensity (12% compared to 
3% in the freestream). This acted on the edge of the thickened boundary layer initiating attached 
bypass transition just downstream of the leading edge. A plot showing the periodically increasing 
momentum thickness is shown in Figure 2-11. Also on this plot is the critical boundary layer 
momentum thickness at which bypass transition will occur; this is predicted using a correlation by 
Mayle (1991). During wake interactions the boundary layer momentum thickness begins to exceed 
the critical level initiating premature ‘wake induced transition’. 
 
 
Figure 2-11: Effect of incoming wakes on the boundary layer momentum thickness (s/s0 = 6.7%), 
from Wheeler et al. (2007).  
 
It is important to note that the periodic increase in incidence of 18° is not equivalent to an 
increase in inlet incidence of 18°. The wake incidence will have little effect on blade loading and 
thus, unlike changes in inlet incidence, an 18° change in wake incidence will be equivalent to 
around an 18° change in the local incidence seen at the leading edge. 
The above work demonstrates that during wake interactions the leading edge becomes more 
receptive to transition and that it can be initiated even by small spikes. This raises the question of 
whether improved leading edge geometries that have very small or no spike are less receptive to 
wake induced transition and what consequences this has on loss. This is investigated in Chapter 7. 
It is important to note that any experimental testing must be performed with incoming wakes to 
capture this effect. 
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2.2 The effect of spikes on boundary layer development 
The above work has shown that spikes can have a significant effect on the flow field around 
the leading edge. In this section the effect that this has on the subsequent boundary layer 
development is investigated. This is important at all incidences because the boundary layer 
development will not only affect the design incidence loss, but also the operating incidence range. 
As an example, the variation of profile loss with incidence is plotted for a transonic rotor 
with a 3:1 elliptical leading edge in Figure 2-12. In this plot, taken from Chapter 9, the loss is 
broken down into key mechanisms on both surfaces of the blade. 
The different coloured regions represent the different loss mechanisms; the ones shaded red 
represent loss on the pressure surface, the ones in grey represent loss on the suction surface and the 
ones in blue represent shock loss. The two former are further subdivided into four categories; loss 
generated in: attached laminar boundary layers, attached turbulent boundary layers, separated 
turbulent boundary layers and laminar separation bubbles. The loss is split up using the entropy 
generated within each flow regime. It can be seen in this plot that the development of the boundary 
layer, and thus the overall breakdown of loss, changes with incidence: 
 
 
Figure 2-12: Breakdown of loss at different incidences on a transonic compressor blade (M1 = 
0.77, Rec = 6.64x105). Calculated using MISES and taken from Chapter 9. 
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At design incidence the majority of loss is generated in attached boundary layers. At two 
degrees above design incidence the loss increases by 10% when the leading edge separates and 
initiates premature transition. This increase in loss is a result of turbulent boundary layers being 
more dissipative, i.e. having a higher dissipation coefficient, CD, than an equivalent laminar layer. 
The change in dissipation coefficient was quantified by Denton (1993). He plotted the 
dissipation coefficient of both laminar and turbulent boundary layers as a function of Reynolds 
number; see Figure 2-13. This shows that, for compressor blade boundary layers, the loss 
generation, if the boundary layer is turbulent, will typically be between 5 and 10 times greater than 
if it were laminar.  
The effect this has on the overall profile loss will be greatest when in regions where the 
boundary layer edge velocity is high; this is because, as shown in Equation 2-i, the loss generation 
is proportional to the dissipation coefficient and the cube of the boundary layer edge velocity. In 
particular this makes the profile loss particularly sensitive to the boundary layer state on the early 
suction surface.  
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Figure 2-13: Dissipation coefficients for laminar and turbulent boundary-layers from Denton 
(1993) 
At extreme negative and positive incidences the loss generated in laminar separation bubbles 
dominates. On this blade, the positive incidence loss is dominated by a shock induced laminar 
separation which subsequently initiates turbulent separation near the trailing edge; the negative 
incidence loss is dominated by the laminar separation associated with the pressure surface spike.  
The loss generated in these laminar bubbles is poorly understood, however, Hourmouziadis & 
Hofmann (2007) produced a correlation showing that thicker separation bubbles produce more loss. 
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Despite a wide scatter, a line can be fitted through their data where the momentum thickness of the 
reattached boundary layer is approximately proportional to the maximum displacement thickness of 
the separated boundary layer. 
Therefore the generation of loss in blade boundary layers is strongly influenced by the 
location and mechanism of transition. In the subsequent sections the physical mechanisms that 
govern this are discussed, as well as the correlations that are used to model it. The first part 
considers transition in attached flow; the second transition in separated flow; and the final part 
considers transition in unsteady flows caused by incoming wakes. All correlations that have been 
reported in the literature are not exhaustively listed, only the ones most relevant to this thesis are 
selected. Particular attention is given to those employed in the MISES CFD code which is used in 
this thesis and is widely used in industry as a preliminary design tool. 
2.2.1 Transition in attached flows 
Transition to turbulent flow occurs because the laminar boundary layer becomes unstable to 
small disturbances that subsequently grow and break down to turbulence. The wide range of 
disturbances that may occur and the many possible interactions between disturbance modes 
preclude a simple unifying theory of transition, rather individual transition mechanisms have been 
identified and correlated based on experimental, and more recently computational data (via direct 
numerical simulation, DNS). Many such correlations are overviewed in review papers, e.g. Mayle 
(1991), Walker (1993) and Walker & Gostelow (2009) who categorise attached transition into two 
categories, ‘natural’ and ‘bypass’ and show that these are dependant on pressure gradient, 
freestream turbulence intensity and surface roughness. 
The classic model of natural transition on a flat plate with zero pressure gradient is discussed 
by White (1991) {fig.5-28} and is shown in Figure 2-14. At a critical Reynolds number based on 
freestream velocity and distance down the plate, Tollmien-Schlichting waves form due to a two-
dimensional instability. These become three-dimensional forming hairpin eddies before breaking 
down into turbulent spots. The second stage of transition is the growth of these turbulent spots until 
they have coalesced to form fully turbulent flow. 
The second type of attached transition, know as ‘bypass transition’, occurs when the 
turbulent spots are formed directly, bypassing the initial two-dimensional instability described 
above. This can occur when large disturbances are introduced into the boundary layer, either by 
high levels of surface roughness or by high levels of freestream turbulence. 
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Figure 2-14: A schematic of natural transition on a flat plate after White (1991) 
In aero-engine compressors the high free stream turbulence intensities, reported to be around 
4 to 5% by Camp and Shin (1995), results in bypass transition being the dominant mechanism; 
Goldstein & Wundrow (1998) suggest that natural transition will only occur if Tu < 0.5%.  
Onset of transition 
Under low freestream turbulence the eN method by v.Ingen (1956) (Summarised in v.Ingen 
(2008)) predicts when disturbances, induced into the boundary layer, will be amplified to a point 
where they break down to turbulence. From this Crabtree (1958) produced a criterion for transition 
based on the local momentum thickness Reynolds number and Pohlhausen pressure gradient 
parameter (λθ = (θ2/ν) du/dx). This method was later modified for higher turbulence intensities by 
Abu-Ghannam & Shaw (1980). They showed that at the very high turbulence intensities seen in 
compressors the effect of pressure gradient diminished; their correlation is shown in Equation 2-ii. 
A modified version of this correlation, used in MISES to predict attached bypass transition, is 
discussed in Chapter 4. 
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It is worth noting that correlations for high Turbulence intensities, such as that shown in 
Equation 2-ii, should be heeded with some warning. They predict transition based on the local 
conditions at breakdown. Whilst this is acceptable if breakdown is instantaneous, Walker (1993) 
warns that linear instability theory may still be relevant, in which case the time history of the 
boundary layer will also be important. Support for this theory is provided by Zaki & Durbin (2005) 
who show that breakdown in bypass transition is associated with the interaction between stream-
wise instabilities know as ‘klebanoff modes’ and the more traditional modes that produce 
Tollmien-Schlichting waves in non-turbulent flows; this may make the apparent independence to 
pressure gradient questionable.  
The transitional flow region 
Once local breakdown occurs a turbulent spot is formed. Within the transitional region these 
spots coalesce to form fully turbulent flow. The development of an individual turbulent spot in zero 
pressure gradient flow was described by Schubauer and Klebanoff (1955) and is shown in Figure 
2-15. The spot is triangular in plan form but this varies throughout the boundary layer. The spot 
spreads with an included angle of approximately 22° and its leading and trailing boundaries 
convect at 0.88U∞ and 0.5U∞ respectively. A spot is characterised by an increase in wall shear 
stress and in velocity fluctuations throughout the boundary layer. Once the spot passes, fluctuations 
quickly die away and the wall shear stress relaxes to the value expected in laminar flow. The region 
where this occurs, called the ‘calmed region’ by Schubauer and Klebanoff (1955), is laminar like 
with a full profile. These properties make the calmed region have laminar like loss whilst being 
more resistant to the onset of transition or separation than an unperturbed laminar layer. 
 
Figure 2-15: Turbulent spot development after Schubauer & Klebanoff (1955) 
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The completion of transition is dependent on two parameters: the rate of spot production and 
spreading rate of the individual spots. The rate of spot production, according to Narashima’s (1957) 
concentrated breakdown hypothesis, is dependent on conditions, principally pressure gradient and 
turbulence intensity, at the start of transition. This is because the upstream boundary layer is stable, 
and further downstream the formation of turbulent spots is inhibited by the calmed regions of 
earlier spots. This model works well at both high turbulence intensities and large adverse pressure 
gradients, despite not originally being envisaged to do so. 
2.2.2 Transition in separated flows 
Under an adverse pressure gradient a laminar boundary-layer may separate from the surface. 
This separated shear layer is inherently unstable and unable to maintain the pressure rise. It is only 
when transition occurs that high levels of mixing lead to pressure recovery and flow reattachment 
with an associated mixing loss. In a leading edge separation bubble, associated with the pressure 
spike, the reattachment is often followed by a reacceleration of the flow to peak suction. The 
process is shown in Figure 2-16. 
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Figure 2-16: Separated flow transition at a compressor blade leading edge, after Wheeler (2007t) 
Onset of separation 
For a laminar boundary layer the onset of separation is dependant on the pressure 
distribution upstream of separation. A number of methods of solving this have been proposed, all 
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of which are relatively accurate when compared to the transition predictions presented in this 
chapter. 
Thwaites’ (1949) single parameter correlation predicts separation when the Pohlhausen 
pressure gradient parameter, λθ, is less than -0.09. This parameter requires the boundary layer 
momentum thickness, θ, to be known and relies on the critical value of λθ to be independent of 
shape of the pressure distribution. A less commonly used parameter that only requires knowledge 
of the pressure distribution was proposed by Stratford (1954). He split the boundary layer into outer 
and inner parts. In the outer region he suggested that the imposed pressure gradient would be 
balanced by inertial forces whereas in the inner it would be balanced by viscous forces. By 
ensuring continuity between the two regions he arrived at a criterion shown in Equation 2-iii. In 
this equation pressure coefficient, cp*, is based on the velocity at the start of diffusion. ss is the 
surface location at the onset of separation and sb is a pseudo length of zero pressure gradient flow 
giving the same momentum thickness at the onset of deceleration. 
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This equation shows that the location of separation is dependent on both the magnitude and 
the local gradient of diffusion. In highly decelerating flows, for which the method was originally 
derived, the Stratford parameter becomes 0.00764. As a test of accuracy White (1991) {table 4-5} 
compared the Stratford and Thwaites methods for eleven standard cases and found in all cases that 
Stratford’s method was more accurate. For all cases the error in separation location was less than 
4%.  
Onset of transition 
The onset of transition, as with attached flow, is dependent on the freestream turbulence 
intensity. When it is low, transition of a separated shear layer occurs through the Kelvin-Helmholtz 
instability mode. McAuliffe et al. (2008) show that in this mode receptivity to small disturbances 
leads to the grouping of spanwise vorticity at selective streamwise wavelengths. Any additional 
modes (e.g. Tollmien-Schlichting waves) amplified within the upstream attached boundary layer 
will also still be present and, as shown by Diwan & Ramesh (2009), may still affect transition; 
these will, however, be less developed in a leading edge bubble due to the stability of the low 
Reynolds number attached boundary layer. 
At higher freestream turbulence intensities the two-dimensional instability modes may be 
bypassed leading to the direct formation of turbulent spots; this has been seen by McAuliffe & 
Yaras (2010) at turbulence intensities as low as 1.45%. Despite this, the Kelvin-Helmholtz and 
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Tollmien-Schlichting instabilities may still be important through a three-dimensional mode 
interaction, as seen in attached flow. 
In order to practically predict the location of transition onset, Roberts (1975) suggested that 
correlations based on the boundary layer momentum thickness at separation should be used. This 
and other early work assumed constant pressure over the separated laminar shear layer with point 
transition at the onset of the pressure recovery. Thus, correlations for transition onset were often 
based on experimental evidence for the length of the constant pressure region. Walker & Gostelow 
(2009) note two problems with this approach. Firstly it implies that the mechanisms of attached and 
separated flow transition are completely separate; secondly it does not allow bubble lengths to tend 
to zero, which may produce unstable solutions in iterative computations. Their preferred method is 
the eN method described for attached transition. This alleviates these two problems and is also 
sensitive to the time history of the boundary layer. This method is used in MISES for attached 
natural transition as well as for separated flow transition. 
The transitional flow region 
The growth of instabilities in the separated shear layer leads to a roll-up of the vorticity and a 
subsequent breakdown to turbulence. The resultant turbulent spots grow and then merge as in 
attached flow, entraining fluid which initiates reattachment to the surface. However, the spot 
spreading rate is considerably enhanced in separated flow. 
The historical view, that the completion of transition occurs at the onset of pressure recovery 
(Horton (1968) & Roberts (1980)), is potentially misleading. This is because the bubble is highly 
unsteady and experiments by Walker (1974) and computations by Walker et al. (1988) provide 
evidence that the flow may still be transitional in this region. This has particular consequence for 
leading edge bubbles where the low Reynolds number of the reattaching boundary layer combined 
with the strong downstream acceleration have also led to observations of laminar reattachment 
(Walraevens & Cumpsty (1995), Wheeler et al. (2009) and Henderson & Walker (2010)). 
Henderson (2006) shows that even though the boundary layer separates at the leading edge the 
levels of profile loss may remain at a level expected for attached leading edges. 
2.2.3 Unsteady transition 
For blades embedded within a multi-stage axial compressor transition becomes periodically 
unsteady, forced by the incoming wakes from the upstream blade row. Overviews of this unsteady 
transition process have been given by, amongst others, Halstead et al. (1997), Cumpsty et al. 
(1995), Hughes & Walker (2001) and Solomon & Walker (2000); a schematic of this process is 
shown as a space-time diagram in Figure 2-17.  
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Figure 2-17: Space-time diagram of wake-induced transition on a compressor blade, after 
Halstead et al. (1997). Re 4.2x105, M = 0.2, Tu = 2.5% 
The effect of the wake is to periodically move transition upstream as shown in regions ‘B’ 
and ‘C’. This was shown to be caused by a thicker boundary layer and high wake turbulence, see 
Section 2.1. Downstream of the leading edge the kinematics of the wake causes it to lift away from 
the edge of the suction surface boundary layer and it seems to play no further part. Steiger & 
Hodson (2005) show that the mechanism is different in turbines: here the wake convects fluid 
towards the suction surface boundary layer and the sustained wake turbulence initiates transition as 
the boundary layer thickens. 
The wake-induced turbulent spot then convects downstream, behaving in a similar way to 
the turbulent spot described by Schubauer and Klebanoff (1955). Behind this turbulent spot trails a 
calmed region of flow (region ‘D’). This stable region of flow, that is resistant to separation and 
transition, delays the onset of transition between wakes (region ‘E’).  
By removing a blade from their rotor, Halstead et al. (1997) were able to halve their 
effective blade passing frequency, see Figure 2-18(a). As the effects of the calmed region 
diminished, the boundary layer began to separate and transition moved upstream. Once the steady 
state boundary layer had formed another incoming wake restarted the cycle again. 
They also performed tests at a lower Reynolds number (Re = 0.9 x 105). In this case the 
boundary layers became more stable and the incoming wakes were unable to initiate premature 
transition. This removed the wake induced turbulent spot and thus also the calmed region; a more 
steady state transition process was observed; see Figure 2-18(b). By performing tests at various 
Reynolds numbers they showed that if the mid-chord separation was removed, the profile loss 
became only weakly dependent on Reynolds number. 
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Figure 2-18: The effect of Reynolds number and reduced frequency from Halstead et al. (1997) 
 
In this thesis a low-speed, large-scale model is used to test compressor blades typical of 
current aero-engine compressor design. The research described above suggests that to predict the 
blade performance the transition process must be matched correctly. This means that the leading 
edge Reynolds number should be correct in order to get the wake induced transition correct, and to 
get the Reynolds number of any leading edge separation bubble correct. Secondly the blade 
Reynolds number should be high enough to ensure a wake-induced transition process that 
precludes a mid-chord separation bubble.  
2.3 The effect of spikes on three-dimensional separations 
In addition to the two-dimensional flow over much of the blade span, the leading edge may 
also affect the three-dimensional flow in the endwall region (i.e. close to the hub and casing 
annulus). The flow becomes three-dimensional here because the suction surface boundary layer 
interacts with the endwall boundary layer resulting in the appearance of a three-dimensional 
separation which appears to be inescapable (Gbadebo et al. (2005)). A schematic of such a 
separation is shown in Figure 2-19 with surface flow visualisation taken by Gbadebo (2003). 
Blades can be designed such that these endwall separations are relatively small and benign; 
however, as loading or incidence is increased their size and thus detrimental effect can increase 
significantly. In practice it is these endwall separations which limit the obtainable blade loading by 
their impact on loss, blockage and flow deviation. 
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Figure 2-19: Three-dimensional separations: Schematic and surface flow visualisation by Gbadebo 
(2003) (Suction surface above, endwall below). 
 
Whilst data is not available on the effect that premature, spike induced transition, may have 
on three-dimensional separations, the effect of prematurely thickening the suction surface boundary 
layer was discussed by Gbadebo et al. (2004). They applied very high levels of roughness (Rek = 
56) over the early suction surface and close to the endwalls of a stator in a single-stage low-speed 
compressor. This roughness prematurely thickened the suction surface boundary layer, dramatically 
increasing the size of the separation; the result was a 5% reduction in pressure rise coefficient. It is 
thus likely that any other process that thickens the early suction surface boundary layer may also 
increase the size of three-dimensional separations. This raises the question of whether changes in 
the transition process caused by spikes may also change the three-dimensional separations and thus 
the amount of loss generated. 
In the first part of this section the origins of these separations are investigated; in the second 
the methods used to predict their size and thus deleterious effect are discussed. 
2.3.1 The origins of three-dimensional separations 
Three-dimensional separations in compressors arise due to a combination of flow turning 
and diffusion. Diffusion makes both the endwall and blade boundary layers susceptible to 
separation and arises due to an increase in the apparent flow area; flow turning produces a 
secondary flow which overturns the endwall boundary layer spilling it onto the blade’s suction 
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surface. Gbedebo et al. (2007) suggest that: “The interaction of the weakened boundary layers 
under the adverse pressure gradient with the secondary flow results in the three-dimensional nature 
of the separation.” This can be thought of intuitively as an injection of fluid with low streamwise 
momentum into the suction surface boundary layer, moving it closer to separation.  
The reason for this secondary flow, and thus the overturning of the endwall boundary layer, 
can be understood by looking at the inviscid momentum equation in intrinsic coordinates, shown in 
Equation 2-iv. In the flow normal direction (n) the pressure gradient, which remains approximately 
constant through the boundary layer, balances the centripetal acceleration. Because the velocity is 
lower in the boundary layer, the local streamline curvature, R, increases to compensate. The 
process is shown schematically in Figure 2-20.  
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Figure 2-20: Mechanism causing the overturning of flow on the endwalls. 
 
The structure of the resultant separation is difficult to predict analytically, however, Gbadebo 
et al. (2005), showed, using surface limiting streamlines, that a set of topological rules exist 
governing the types and number of singularities (e.g. foci, saddle points etc) on the surface. They 
demonstrated that the number of singularities increased as incidence onto their cascade was 
increased, and that this corresponded to the thickness, and thus deleterious effect of the hub 
separation, increasing. It is worth noting that, unlike two-dimensional separations, flow reversal is 
not a prerequisite and, if it can be avoided, the number of critical points will be minimised and the 
separations may have little deleterious effect on the flow. 
The size of three dimensional separations also appears to be particularly sensitive to small 
geometric changes, one, the effect of roughness has already been mentioned. Another example was 
presented by Dong et al. (1987). On a low-speed cascade they showed that a gap at the blade tip 
removed the three-dimensional separation by preventing the interaction with the endwall boundary 
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layer. This had the additional advantage of producing a 2D flow at mid-height, but generated a tip 
flow with spillage from the pressure to the suction surface. Gbadebo et al. (2007), also on a low-
speed cascade, demonstrated that minimum loss was achieved when this gap was 1% of chord. 
Whilst opening up gaps allows improved 2D flow for experimental testing, such cantilevered 
designs are, however unlikely to be used in engines due to the structural requirements. Therefore, 
to improve the flow and improve mechanical strength, most conventional stators operate with a 
fillet between the blade and the endwall. 
Curlett (1991) showed that the three-dimensional separation is sensitive to the radius of this 
fillet. In a low speed cascade he found that the lowest loss occurred with no fillet, whilst the highest 
loss occurred with the largest fillet tested (rfill/c = 15%). It is not clear from this study what caused 
this change; however, the fillet is located in the region where the over-turned endwall boundary 
layer first interacted with the suction surface boundary layer. It is therefore likely that the fillet 
played a part in this interaction. 
2.3.2 Predicting three dimensional separations 
A number of correlations have been produced that indicate when three-dimensional 
separations become deleterious. The simplest, by deHaller (1953), considers only the critical 
pressure rise that can be supported by the flow next to the wall. He suggests that a pressure rise of 
greater than 44% of dynamic head will be deleterious, corresponding to an exit velocity at the edge 
of the hub boundary layer no less than 75% of the inlet value. The deHaller criterion is shown in 
Equation 2-v and is still often used in the very early stages of a compressor design despite many of 
the physical processes described above being ignored. This is a credit to its success and simplicity.  
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Further physical insight was introduced by Lei et al. (2008) who created a diffusion 
parameter, D. In the same way as deHaller’s coefficient, this uses the two dimensional pressure 
rise, but multiplies this by the pitch to chord ratio and a term that takes into consideration the 
secondary flows and the skew in the inlet boundary layer. A correlation of Koch & Smith (1976) 
can then be used to link the resultant endwall blockage to the impact on stage efficiency and thus 
loss. 
These correlations described above have all been formulated based on both global blade 
parameters (i.e. inlet & exit flow angles and pitch to chord ratio) and global flow parameters (i.e. 
inlet boundary layer skew and shroud leakage). They provide simple criteria for use in the early 
stages of compressor design where detailed information about specific geometries is not known. 
For more accurate prediction CFD calculations are often performed. 
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The accuracy of the CFD for determining the size and deleterious effect of hub separations 
has been the subject of a number of publications (e.g. Gbedabo (2005) and Hah & Loellbach 
(1999)). To a large extent these calculations are able to obtain reasonable estimates of the size of 
the separation as well as the consequence on loss. Perhaps most interesting is that even with coarse 
mesh RANS utilising wall functions, Gbadebo (2005) shows that the CFD is able to predict the 
surface flow patterns. Cumpsty (2010) argues that this is because the flow in the vicinity of the wall 
is a balance between laminar viscous stress and pressure stress, both of which are well predicted by 
CFD.  
One area where RANS CFD codes are not physically realistic is in modelling boundary layer 
behaviour such as transition or the effects of roughness. Gbadabo et al. (2004) demonstrated that 
roughness increases the size of the separation region and were able to predict this using a surface 
roughness model applied to their CFD. It is thus possible that if transition also affected the extent 
of the separated region then modelling this in the CFD may provide improved results. Place (1997) 
managed to achieve this but did not link it to the physical process. 
Finally, it is worth noting that nearly all industrial and most academic CFD calculations do 
not model all aspects of the geometry and flow. In particular, detailed effects, such as leakage gaps, 
fillets and surface roughness, are often ignored. These things are also ignored for many 
experimental correlations. This makes such correlations and CFD results potentially misleading, by 
encouraging the view that small geometry deviations are insignificant. The work in Chapter 8 
investigates whether in fact they do have a significant effect. 
2.4 Research questions 
The combined body of literature has raised a number of key questions. These are 
summarised below and will be answered in the results chapters of this thesis: 
1. It is clear that spikes in the surface pressure distribution at the leading edge may be 
deleterious if they become large, but it is not clear what factors most affect their size. In 
Chapter 5 a parametric study is undertaken where a number of key flow and geometric 
parameters are varied in order to determine their effect on the magnitude of spike 
diffusion. 
2. Existing leading edge geometries have traditionally been limited to simple geometric 
shapes, it is therefore not clear whether an improved geometry, possibly one with no 
spike exists. In Chapter 6 a new leading edge is designed using an optimiser and the 
paradox set by Carter is solved. This leads to a generic method of leading edge design. 
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3. It is likely, in practice, that spikes of varying sizes will occur on compressor blades, 
whether due to manufacture deviations, erosion or compromises made in the design 
process. Therefore the dependence of loss on these spikes is of interest. In Chapter 7 the 
effect of these spikes are investigated in a simulated multi-stage environment. From 
these tests a criterion is presented that can be used to determine whether a spike will be 
detrimental or not. 
4. The three-dimensional separations found in compressor blade rows are seemingly 
sensitive to small geometric details around the leading edge and thus may also be 
sensitive to spikes. The work in Chapter 8 compares the effect of changing spike height 
to other effects that change the size of these separations including surface roughness 
around the leading edge, the geometry of the fillet around the leading edge, and the fillet 
radius. 
5. Finally, the small size of leading edges means that manufacture deviations may be large 
in comparison. This raises the question of whether the design intent leading edge should 
be changed in order to create robust designs. In particular should such a robust leading 
edge be sharp or blunt and should it be symmetric or drooped. 
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Chapter 3  
Experimental methods 
Experiments presented in this thesis were performed on the stator row of the Deverson 
single-stage compressor at the Whittle laboratory in Cambridge. This chapter provides a 
description of the experimental rig and the experimental techniques used. 
3.1 Experimental rig 
The Deverson rig is a large-scale, low-speed model of an embedded high-pressure 
compressor stage. A schematic of the rig and working section is shown in Figure 3-1. The flow at 
rig inlet passes through a gauze and flow straighteners before being accelerated through a 9.3:1 
area contraction. Prior to the stage, inlet swirl is increased to 26° using inlet guide vanes, 
freestream turbulence intensity is increased to 3.7% using a turbulence grid and hub & casing 
boundary layer thicknesses are increased to 20% and 10% of span respectively using boundary 
layer generators. This inlet condition is representative of an embedded stage and further 
information is given by Place (1997). 
Over the stage the hub and casing annuli are held at a constant radius. With negligible 
density changes, due to the low Mach number, the mean axial velocity at exit remains the same as 
at inlet. The stage consists of 51 rotors and 49 stators, both with controlled diffusion profiles. The 
baseline configuration used was the “Build 2” setup presented by Bolger (1999), the key stage 
parameters are shown in Table 3-A. The rotors are attached to a rotating platform at the hub with a 
gap of 1.5mm between the blade tip and the stationary casing. The stators are attached at the casing 
and were either sealed to the stationary hub (as in Chapter 7) or left open (as in Chapter8). The hub 
and casing annuli are designed to be as close to ideal as possible with seals to minimise flow 
leakage either to or from the stage. 
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Downstream of the stage a pressure loss screen and honeycomb are used to simulate the 
characteristic of a downstream stage. These are located ~0.4 stator axial chords downstream of the 
stator trailing edge; further details are given by Place (1997). 
The rig is powered using two motors. The first drives the rotor shaft whilst the second drives 
a downstream auxiliary pump. Combined, this allows the Reynolds number and flow coefficient to 
be varied independently.  
 
 
Figure 3-1: Schematic of compressor with zoom into working section 
3.1.1 Rig operation 
For each run the rig was operated at a constant reference Reynolds number and Flow 
coefficient. The reference Reynolds number, based on midheight rotor speed and stator chord, was 
fixed for all tests at 3.02x105, this meant that the rotor speed varied with atmospheric conditions, 
but was within 10% of 500RPM. The flow coefficient was varied using the auxiliary pump to 
control the rig mass flow rate.  
Rotor speed was logged using a speed pickup. The rig mass flow rate was calculated by 
using Place’s (1997) calibration based on the pressure drop over the bellmouth, see Equation 3-i. 
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The constant k was 0.9101m2. Data were logged only when both the reference Reynolds number 
and flow coefficient were within 0.25% of the target value.  
 ( )21 DArig ppkm −= ρ&  (3-i)
3.1.2 Probe traversing 
A three-axis (radial, circumferential and yaw) traverse gear was used to move the 
measurement probes within the flow field at two axial locations, stator inlet and exit, locations are 
shown in Figure 3-1. The traverse gear had resolutions of 2.5μm in the radial direction (0.002% 
span), 0.009o in the circumferential direction (0.1% pitch) and 0.45° in the yaw direction. The 
probes were inserted into the rig through circumferential slots in the casing. Leakage was 
minimised using a sponge sealant, see Wheeler (2007t). 
 
No. Rotor Blades 51 
No. Stator Blades 49 
Rotor Profile Controlled Diffusion 
Stator Profile Controlled Diffusion 
Hub Radius (m)  0.6096 
Tip Radius (m) 0.7620 
Design φ =Vx/Um  0.510 
Mid-Height Design ψ = Δh/Um2 0.456 
Mid-Height Design φ =Vx/Um  0.5425 
Mid-Height Design Reaction  51.6% 
Rotor DFLieb  0.505 
Stator DFLieb  0.455 
Rec 2.7×105 
Rotor/Stator Axial Gap (m) 0.05 
Rotor Axial Chord (m) 0.095 
Stator Axial Chord (m) 0.103 
Stage Inlet Turbulence Level 3.7% 
Table 3-A – Build 2 Stage details, after Bolger (1999). 
 
3.1.3 Data logging 
Electronic signals were logged using a 16 bit NIDAQ PCI-MIO-16E-1 analogue to digital 
converter. Unsteady samples were logged at 60kHz and low pass filtered at 30kHz. A once per 
revolution optical trigger was used for phase locking. Steady pressure measurements were logged 
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using a PSI-9016 Intelligent Pressure Scanner, capable of logging 16 pressure ports 
simultaneously. Measurements were taken relative to atmosphere with an error of 1Pa. 
Atmospheric pressure was measured using a mercury barometer; atmospheric temperature 
was measured using a thermocouple at the bell mouth inlet. 
3.1.4 Stator operating conditions 
At design incidence the mid-height inlet and exit flow angles were 52.7° and 29.5° to axial 
respectively. The Reynolds number, based on inlet velocity and chord, was 2.7x105, the freestream 
turbulence at stator inlet was 2.4% and the Mach number was approximately 0.1. 
Data were obtained at five flow coefficients of φ = 0.45, 0.47, 0.49, 0.51 and 0.53 
corresponding to mid-height inlet incidences of iinlet = 0.6°, -0.4°, -1.6°, -2.9° and -4.1° 
respectively. At design incidence (φ = 0.51, iinlet = -2.9°) the stagnation point was located on the 
nose of the aerofoil. The highest incidence was near the stalling flow coefficient of the stage. 
The presence of incoming wakes from the upstream rotors also affects the stator inlet flow. 
These periodically increase the incidence and turbulence intensity over approximately 10 – 20% of 
the blade passing period. The time resolved traces for a single blade passing are shown in Figure 
3-2. At the highest incidences the turbulence intensity in the wake begins to increase very rapidly. 
The dimensionless frequency of wake passing, fr, based on stator chord and inlet velocity is 1.7. 
This is typical of a modern compressor (fr = fwake c/u1). 
 
 
Figure 3-2: Measured, time-resolved, inlet incidence and turbulence intensity 
 
The inlet hub boundary layer was skewed increasing the incidence over the first 6% of span. 
This can be seen in Figure 3-3(a & b) which shows radial profiles of the flow angle and velocity. 
The velocity boundary layer is much smaller, around 1% of span; this is a new boundary layer 
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developing on the stationary hub annulus. A more detailed picture of the skew can be seen in 
Figure 3-3(c) which shows a polar plot of velocity in the direction of the free stream against cross 
flow velocity through the boundary layer. In the Deverson the loading at the stator hub is 
particularly high; the deHaller number here is 0.64. This makes the stator hub particularly sensitive 
to a three-dimensional separation in the hub suction surface corner. The deHaller number (u2/u1) 
increases approximately linearly with radius to a value at the casing of 0.78. 
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Figure 3-3: Time-mean inlet hub-boundary layer profile. Design flow coefficient and near stall. 
 
When performing midheight tests (Chapter 7) a hub gap of 1% chord was opened up on five 
adjacent blades to mitigate their hub separation. A single modified stator at the centre of this 
cascade was tested. When tests were performed over the whole span (Chapter 8) the hubs were 
sealed and the sensitivity of the hub separation to leading edge geometry meant that five modified 
blades were used. The periodicity of the three-dimensional separations were checked for these 
cases; this assumption is investigated in Chapter 8. 
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3.1.5 Stator design 
The stators used for testing (originally presented by Sofia (2006) and Wheeler et al. (2009)) 
were modified relative to the baseline Deverson stators, by thickening up the leading edge. This 
modification was made to ensure that the conditions for engine representative low-speed testing, 
described in Chapter 2, were met. This has two effects that both made the leading edge more 
engine representative: the first was to increase the leading edge Reynolds number (ReLE = 5000 
compared to 3000-9000 on engine blades (Wheeler et al. (2009)); the second was to reduce the 
wedge angle, from 32° to 15°, making the spike larger. The effect that leading edge geometry has 
on spike height is discussed further in Chapter 5. One undesirable, but necessary change was a 
slight reduction in peak suction (Δcp_min = 0.12). This originated from a reduction in the max 
thickness of the blade; the blade loading was the same. 
A rapid design process was developed where leading edges could be designed by changes to 
either the camberline or thickness. These blades were constructed using a computer aided design 
(CAD) package and manufactured on a 3D printer. The accuracy of the manufacture process was 
consistent with geometric variations less than 0.1mm. Such deviations were found to be over large 
length scales and led to only small aerodynamic deviations; this was verified by the surface static 
pressure distributions; examples are shown later in the Thesis, in Figure 6-8. 
3.2 Experimental techniques 
Investigations were undertaken to determine the performance of the different blades 
manufactured. The common techniques used throughout the thesis are described below. 
3.2.1 Pneumatic five-hole probe traverses 
A five-holed pneumatic probe was used to measure the time averaged flow field at stator 
inlet and exit. Coefficients for total pressure, dynamic head, yaw and pitch were calculated using 
Equations 3-ii to 3-v from a steady flow calibration. The calibration map and a schematic of the 
probe with port labelling conventions are shown in Figure 3-4. The probe head diameter was 2% of 
stator chord, approximately 20% of the wake thickness at blade mid-height.  
Long tubes were connected between the probe and the pressure scanner for a consistent 
pneumatic averaging process. A two second settling time was allowed between measurements; this 
was checked using a micromanometer and the true settling time was far lower than this. The 
measurement uncertainty of the probe gave rise to estimated errors of ±0.5° in the absolute yaw 
(swirl) angle, ±1° in the relative yaw angle, and ±0.5° in the pitch angle. The errors in the total and 
static pressures, as a percentage of the dynamic head, were ±0.5% and ±1.3% respectively. 
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Figure 3-4: Five hole probe: Calibration map and schematic showing port labelling convention 
and dimensions relative to stator chord 
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To compare measurements over long runs and between runs, pressures were converted to 
coefficients in order to remove changes in atmospheric conditions and small drifts in the rig’s 
operating point. At each probe location the static and stagnation pressure were referenced to the 
casing static pressure at stator inlet and normalised by a dynamic head based on rotor speed. This is 
shown in Equation 3-vi.  
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3.2.2 Surface pressure measurements 
Surface pressure measurements were taken on both the suction and pressure surfaces of 
specially manufactured blades. Tapping holes had a diameter of 0.3mm (0.2% of s0). Around the 
leading edge a micro-tapping technique developed by Bindon (1987) was used to resolve the spike. 
This comprised of two cavities with tapping holes spaced at 1mm intervals giving a maximum 
resolution of 0.5mm (0.4% of s0). As with area traverses comparison between tests was achieved 
using the normalisation in Equation 3-vi. Presented surface pressure coefficients are referenced to 
the inlet mid-height stagnation pressure and normalised by the inlet mid-height dynamic head. 
These were calculated from the five-hole probe traverses described above. 
3.2.3 Hotwire measurements 
Single sensor hotwires were used to investigate the flow at inlet and within the boundary 
layer. The wires were calibrated for velocity using a 4th order polynomial. Drifts in ambient 
temperature were compensated for using a Bearman (1971) correction; wall proximity was 
compensated for using a Cox (1957) correction. All hotwire data were revolution ensembled to 
allow differentiation between each rotor wake. The frequency response of the probe was 50kHz in 
the freestream flow reducing to 30kHz when the flow velocity was zero. Data were low-pass 
filtered at 30kHz and logged at 60kHz to prevent aliasing. 
Free stream measurements 
Measurements of the time resolved inlet flow angle and turbulence intensity were taken at 
the inlet traverse plane using a straight single wire hotwire probe. 25 phase locked signals were 
taken at 20 rotational positions with the wire perpendicular to the radius of the compressor. A least 
squares fit of the data described by Dickens (2008) was used to determine the time-resolved 
velocity and swirl angle. The error in flow angle was estimated to be 2° primarily due to errors in 
locating the probe accurately in the holder. 
Boundary layer traverses – Early suction surface 
On the early suction surface the boundary layer could be as thin as 0.4mm. This required a 
very fine resolution and the first point in the boundary layer to be close to the wall. The latter was 
achieved by offsetting the wire on the probe’s prongs, the former by using a micrometer screw 
gauge with 10μm point resolution to traverse the probe: This setup was described by Wheeler et al. 
and is shown in Figure 3-5.  
Wheeler’s original system allowed traverses to be performed only around the leading edge 
(3% < s/s0 < 11%). A new base plate was manufactured that allowed traverses over peak suction 
and onto the diffusing part of the blade (19% < s/s0 < 54%). The traverse locations are shown in 
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Figure 3-6. In the middle of these ranges the probe was traversed perpendicular to the blade 
surface, at the extremities it could be as much as 7°. This deviation from perpendicular gave an 
error in boundary layer thickness of less than 1%.  
 
 
Figure 3-5: Setup of the hotwire probe for LE traverses. Includes schematic of offset wire after 
Wheeler (2007t). 
 
For all traverses at least 10 points were taken across the boundary layer. The probe was 
lowered until it touched the blade surface; this connected an electrical circuit prompting the 
operator to stop. The wire was then traversed away from the surface until the velocity remained 
consistent for a number of consecutive data points. The location where the probe touched the blade 
surface was not in general when the wire made contact; it was more likely that it was the prongs 
that first made contact. The datum height of the wire therefore had to be extrapolated during post-
processing. This was done either using a least squares fit of a Falkner-Skan (Greitzer et al. 
(2004){pg 178}) profile if the boundary layer was laminar (H>2.2). For lower shape factors a first 
order fit through the first 3 data points was used. To ensure the wire was parallel to the blade 
surface its axis was adjusted before a traverse; this was visually checked when the wire was close 
to the blade surface. 
The boundary layer edge was calculated using Giles’ (1991) equation, see Equation 3-vii. 
The constant, k, was set to 2.5 by Giles. This author found this to be too small and that k = 3 gave a 
better estimate. (A Blasius boundary layer gives a value of 2.85; this increases in favourable 
pressure gradients as the boundary layer becomes fuller and reduces in adverse pressure gradients 
as it becomes more inflectional). 
All velocity measurements were normalised by the freestream value reducing the error of 
hotwire drift. The error in locating the wall was greatest when the boundary layer was very thin. An 
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estimated error in wall location of 20μm with a 0.4mm boundary layer caused a 24% change in 
displacement thickness but only 10% and 9% changes in momentum and energy thickness 
respectively. These errors are rapidly reduced as the boundary layers become larger and are more 
than an order of magnitude lower at the trailing edge. 
 
 
 
Figure 3-6: Locations for suction surface boundary layer traverses 
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Boundary layer traverses – Late suction surface 
Traverses were performed on the late suction surface using the motorised traverse gear 
described in Section 3.1.2. The methodology is the same as describe above except that the traverses 
were performed in the circumferential direction. The height above the surface was therefore 
calculated as the component of the traverse distance in the wall normal direction using Equation 3-
viii. 
 )cos(' αyy =  (3-viii)
A phase delay was introduced by traversing at an angle to the wall normal direction. This 
was calculated at each measurement location by assuming that properties convect at the local mean 
velocity, see Equation 3-ix. The geometry being considered is shown schematically in Figure 3-7. 
 
'
)sin(''
u
ytt α=−  (3-ix) 
Hub boundary layer traverses  
A straight hotwire sensor was used to measure the hub boundary layer. The sensor could not 
touch the surface because first contact would be made by the delicate wire. Instead the probe was 
lowered by eye until as close as possible to the surface. The hotwire was then traversed radially 
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away from the hub. Data was obtained using the same method as for inlet traverses at each radial 
location. 
 
 
Figure 3-7: Trailing edge hotwire setup, showing coordinates, after Wheeler (2007t). 
 
3.2.4 Surface flow visualisation 
Surface flow patterns were observed using a fluorescent dye mixed with diesel oil. When 
applied to a surface these showed up the flow direction at the boundary layer base as well as 
indicating relative skin friction. This technique was used to identify leading edge separations as 
well as to obtain information about hub separations. 
Images were taken using a digital SLR camera clamped to the rig; the painted surface was 
illuminated using a UV lamp. To maximise depth of field, the minimum aperture was set giving 
exposure times of approximately 20s. 
3.3 Performance metrics 
Throughout this thesis a number of metrics are used to quantify the flow. For the two 
dimensional flow at mid-height, boundary layer energy thickness is used to represent the total loss, 
the boundary layer intermittency and shape factors are used to help explain where this loss is 
generated. For the overall passage flow, the passage averaged deficit in stagnation pressure is used 
to quantify loss; any changes in loss close to the endwalls were quantified by the spanwise extent 
of the three-dimensional separations onto the suction surface. 
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3.3.1 Overall flow parameters 
Stagnation pressure loss (ω) 
The averaged stagnation pressure loss was calculated from the five-hole probe traverses. 
Passage averaged values were calculated from these traverses, and represented using a double 
overbar, i.e. p . Static pressure was area averaged; stagnation pressure was mixed out 
circumferentially and mass averaged radially. In high speed CFD the temperature was mass 
averaged. The loss was calculated by the change in stagnation pressure over the blade normalised 
by the inlet dynamic head, see Equation 3-x. An example experimental traverse is shown in Figure 
3-8(a). 
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Figure 3-8: Global flow metrics: Calculation of Passage and Hub loss using area traverses and 
spanwise extent of hub separation using surface flow visualisation. 
 
In order to determine the origins of the loss, particularly the effect of the hub separation in 
the Deverson, two versions of this metric are used, the total blade loss, ω0-100, and the hub loss, ω0-
25; that is the loss that occurs in the 25% of mass flow closest to the hub wall; both metrics are 
normalized by the passage averaged dynamic head.  
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This system has been used as it was difficult to split loss purely into profile loss and loss 
generated due to the hub separation, particularly when this separation was large. When traverses 
are shown a limiting circumferential line is displayed bounding this hub flow. For this stator 25% 
of mass flow was chosen as this encompasses the loss core over all flow conditions. Errors in loss 
were predicted to be 0.1 percentage points. 
Spanwise extent of endwall separation (d/h) 
The spanwise extent of the hub separation is a measure of the size of the separation. This is 
presented as the maximum spanwise extent of the limiting streamline onto the suction surface as a 
percentage of span, (d/h). This was calculated using flow visualization; an example is shown in 
Figure 3-8(b). The method has an estimated error of 2% 
3.3.2 Boundary layer parameters 
The following parameters were taken from the suction surface hotwire boundary layer 
traverses and are therefore time resolved. 
Boundary layer energy thickness (δ3) 
The boundary layer energy thickness gives a measure of the stagnation pressure flux deficit 
within the boundary layer. In an incompressible adiabatic flow, the entropy generated in the 
boundary layer between the stagnation point and the traverse location is proportional to uδ3δ3 
(Denton (1993)). Energy thickness was calculated, using Equation 3-xi; the trailing edge value was 
used as a metric of suction surface profile loss. 
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Boundary layer shape factor (H) 
The boundary layer shape factor indicates how close the flow is to separation. It is calculated 
as the ratio between the displacement thickness, δ1, and momentum thickness, θ, also know as δ2; 
all of which are shown in Equation 3-xii. 
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Although affected by pressure gradient, separation will occur when H exceeds ~3.4 in a 
laminar boundary layer or ~2.2 in a turbulent boundary layer. The threshold H>3 was chosen to 
indicate laminar separation because the results are revolution ensemble averaged and this process 
was found to slightly reduce the indicated value of H at which separation occurs.  
Boundary layer intermittency (γ) 
The boundary layer intermittency gives the fraction of time that a boundary layer is turbulent 
and allows the time resolved transition process to be built up over the blades’ suction surfaces. The 
method used for calculation, described in detail by Solomon (1996), uses three stages to analyse 
each string of raw data. The first stage, sensitising, magnifies the differences between laminar and 
turbulent flow; the second stage, thresholding, then quantifies the state of the boundary layer as 
either laminar or turbulent; the final stage, smoothing, is used to remove spurious indications of 
turbulent flow when it is laminar, or laminar flow when it is turbulent. 
The sensitising function of Falco and Gendrich (1990), u(δu/δt), was used to amplify the 
differences between the laminar and turbulent flow. This function physically represents the rate of 
change of the streamwise component of turbulent kinetic energy. An example of this is given in the 
central plot of Figure 3-9; the raw velocity signal is given in the top plot and was taken close to the 
boundary layer base. 
Also shown in the central plot is the threshold level, set as 3% of ( )tuu δδ . Any peaks or 
troughs that exceeded this threshold were highlighted, shown in the bottom plot. If a peak and 
subsequent trough were found within a given time of each other, determined manually, then the 
whole region was declared turbulent; these are shown as grey bars over all three subplots. The 
results were then summed up over all 100 ensembles; the number of ensembles where the flow was 
turbulent then gave the intermittency as a percentage. The intermittency taken for analysis was the 
maximum time-resolved value throughout the boundary layer. It is, at this point, worth noting the 
stochastic nature of transition. In the example given below there are four wake-induced turbulent 
strips, but one wake has not initiated transition. This combination may change on the next rotor 
revolution and is impossible to predict for any given instant. 
The second use for this analysis is to determine the probability of a calmed region existing. 
For this only the data from the hotwire location closest to the wall was used, as shown in Figure 
3-9. The calmed region was defined as the region of reducing velocity (shear stress) following a 
turbulent spot. This was summed up over all ensembles to give a time-resolved probability of the 
calmed region existing. 
The accuracy of the method is ultimately difficult to determine. However, observations of 
the raw data suggest that there are significant differences between the laminar and turbulent flows, 
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making the threshold easy to determine. Also the repeatability of the data was found to be 
excellent, further improving its credibility. 
 
 
Figure 3-9: Methodology for determining boundary layer state from a raw velocity signal. 
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Chapter 4  
Computational Methods 
Two codes have been used to predict the flow over a compressor blade: The first, MISES 
(Drela and Youngren (1998)), was used to calculate the mid-height quasi three-dimensional flow; 
the second, TBLOCK (Denton (1992)), was used to perform three-dimensional calculations of the 
full blade passage. The following sections will present the methodologies used for each solver and 
discuss their applicability. 
4.1 MISES 
The MISES (Multiple-blade Interacting Stream-tube Euler Solver) code is a quasi three-
dimensional inviscid/viscous flow solver developed by Drela (1986) and Giles (1985). It solves the 
inviscid, steady Euler equations on a two-dimensional H-grid with a coupled integral compressible 
boundary layer calculation. The grid dynamically adapts to the solution ensuring that two of the 
four edges of any element are on streamlines. In addition the first grid point adjacent to the surface 
is located at the displacement thickness of the boundary layer away from the wall; the axial 
velocity density ratio can be set by changing the stream-tube thickness. The computational mesh is 
shown in Figure 4-1 with an enlargement of the leading edge. 
In order to predict the onset of boundary layer transition MISES uses two correlations. For 
attached natural transition and separated flow transition the eN method is used, whilst for attached 
bypass transition a modified version of the Abu-Ghannam & Shaw (1980) correlation is used. 
These correlations are both used to specify point transition and a correlation for transition length is 
therefore not implemented. 
The eN method predicts transition onset when an original disturbance had been amplified by 
eNcrit times, as described in Chapter 2. As turbulence intensity increases this value of Ncrit decreases; 
MISES uses the formula of Mack (1977), shown in Equation 4-i, to adjust for this. MISES uses the 
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modified turbulence intensity Tu’, defined in Equation 4-ii, to prevent negative, and thus 
unphysical values for Ncrit when Tu > 2.98%. 
 
 
Figure 4-1: Mises mesh with enlargement of leading edge region (with circular LE). 
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For bypass transition the Abu-Ghannam & Shaw correlation, see Equation 2-ii, was modified 
due to the ill-posedness of the solution (Drela (1998)). This is because the presence of transition 
influences the value of the Pohlhausen pressure gradient parameter just upstream. Instead the 
boundary layer shape factor, H, was used, and whilst also affected by transition its change tends to 
occur downstream making the solution more stable. Also to bring it into line with the eN method the 
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parameter ncrit is used instead of the turbulence intensity. Thus the criterion used in MISES is based 
on H and ncrit rather than λθ and Tu and is shown in Equation 4-iii. 
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4.2 T-BLOCK 
The multi-block flow solver, T-BLOCK (Denton (1992)) was used to predict the three-
dimensional flow through a stator row and whilst capable of unsteady calculations, it was only run 
steady. The code is a finite volume, unsteady RANS (Reynolds Averaged Navier-Stokes) solver 
and is second order accurate in space. 
The single passage grid used contained 1.9million cells; a mid-height cut of the grid is 
shown in Figure 4-2. An O-mesh architecture was employed which was flared on the suction 
surface in order to easily extract the boundary layer parameters from the solution. On the blade 
surface y+ was kept below 2. At cell Reynolds numbers this low T-BLOCK does not use wall 
functions, but is capable if y+ becomes large. Fillets of 4.8% of chord were applied at the hub and 
casing. The low value of y+ was used in order to adequately resolve the leading edge boundary 
layer, where Reθ ~ 100; this still resulted in only 8-10 points across the boundary layer. 
Calculations for the low-speed Deverson blade were run at increased, but still approximately 
incompressible, Mach numbers to aid numerical convergence (M1 = 0.25 compared to 0.1 in the 
experiment). Viscosity was increased to ensure that the Reynolds numbers were correct and the 
specified pressures were scaled to ensure that the pressure coefficients were correct. 
Inlet stagnation pressure, whirl angle and pitch angle were specified in the spanwise 
direction 25% of axial chord upstream of the leading edge, static pressure was specified at the exit 
plane 150% of axial chord downstream of the trailing edge. These were extracted from 
experimental traverses for calculations on the Deverson stator, for high speed calculations data 
were taken from cut plane predictions from Rolls-Royce.  
An initial study to determine the independence of the flow solution from the mesh density 
was performed. It was found that there were five key areas to get correct in order to ensure mesh 
independency. Firstly the suction surface boundary layer resolution had to be adequate to get mesh 
independency of profile loss; this was particularly important in the diffusing boundary layer 
downstream of peak suction. Secondly the hub and casing boundary layers needed high resolution 
to ensure that the three-dimensional separations did not detach the endwall flow and thus 
drastically reduce flow turning. Thirdly the mesh-resolution in the region where the three-
dimensional separations existed had to be higher than that in the freestream; this prevented the 
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separation becoming unsteady; fourthly the downstream exit boundary condition had to be far from 
the trailing edge (greater than a chord length) to prevent flow reversal at the exit boundary. Finally 
the leading edge boundary layer needed to be well resolved in order to get an adequate point 
resolution of the boundary layer for analysis (At least 8-10 points). 
 
 
Figure 4-2: Tblock mesh with enlargement of leading edge region (elliptical LE). 
 
A mixing length turbulence model was used; this is a zero equation model that sets the 
turbulent viscosity according to Equation 4-iv. In this equation k is the vonKarman constant dv/dn 
is the vorticity magnitude and L is the mixing length. When close to a wall the mixing length is the 
wall normal distance; when the wall normal distance was greater than 6.5% of pitch (Lmax,) the 
mixing length was fixed as Lmax. 
 ( )
dn
dvkLturb
2ρµ =   (4-iv)
 
To model transition in T-BLOCK, the MISES transition location at mid-height was used. 
This was applied along the whole span of the blade on a constant gridline. Upstream of this 
location the turbulent viscosity, µturb, was set to zero, downstream it was set according to Equation 
4-iv. 
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T-BLOCK was used because of the relative ease with which a simple transition model could 
be employed; it ran quickly, around 48 hours on a single CPU for full convergence. 
4.3 A comparison between the codes at blade mid-height 
The final part of this section compares the two CFD codes, described above, to the 
experimental measurements at blade mid-height. Comparisons of surface pressure coefficient, 
boundary layer shape factor and energy thickness are shown in Figure 4-3. Apart from a 
disagreement in the shape factor close to the leading edge the computations are similar; this is 
down to the grid resolution and method of calculation used to post-process the T-BLOCK dataset. 
The surface pressure coefficient and mean energy thickness for the experimental measurements are 
also in agreement with the computations. One area where the experiments do differ, however, is in 
the development of the suction surface boundary layer. The drop from a fully laminar to fully 
turbulent boundary layer is extended by the unsteady transition process; this also causes a time-
resolved perturbation in energy thickness.  
Further details of the unsteady transition process and also the reason that the time resolved 
energy thickness agrees with computations is discussed in Chapter 7. Otherwise the results from 
both CFD codes are in good agreement with experiments; further verification of the three-
dimensional flow, calculated in T-BLOCK, is given in Chapter 8. 
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Figure 4-3: Comparison between T-BLOCK,  MISES and Experiment at mid-height. Deverson 
stator with elliptical leading edge, Rec = 2.8x105. 
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Chapter 5  
Factors affecting spike height 
The majority of in-service compressor blades operate with spikes in the surface pressure 
distribution at the leading edge, such as those shown in Figure 1-3. The consequences of these 
spikes are not well understood, but they are likely to be detrimental to the flow if the associated 
boundary layer diffusion is large enough to cause either separation or premature transition; such 
consequences are investigated in Chapter 7. The focus of this chapter, however, is to consider how 
different geometric or flow parameters affect the size of these spikes. The aim is to determine what 
the key parameters are that a designer can change if they wish to reduce the size of spikes on their 
blades.  
Three types of parameter are considered. Firstly, two parameters governing the leading edge 
geometry are investigated, the leading edge shape and the wedge angle (included angle with which 
the blade surfaces are tangent to the leading edge). Secondly, three parameters governing the global 
flow field are considered, inlet incidence, Mach number and Reynolds number; these are 
investigated because they will affect the flow field around the leading edge. Finally, but less 
intuitively, two parameters governing the overall blade geometry are considered, the blade 
thickness and camberline distributions. These will affect spike height if they either impose a 
change in the leading edge geometry or a change in the leading edge flow field. The parameters are 
represented schematically in Figure 5-1. 
It is important to note that many of these parameters are, in reality, coupled. For example to 
test the effect of compressibility on the flow around the leading edge, the Mach number is changed. 
However, changing Mach number, particularly when shockwaves appear, will also change blade 
loading which may change the local incidence with which the flow meets the leading edge. To 
remove such coupling, the cascade geometry for each test is specifically chosen. As an example, 
for the effect of Mach number, the tests were performed on a cascade of un-cambered aerofoils at 
zero-incidence; this ensured that the stagnation point remained on the aerofoil nose. In other cases 
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where capturing changes in local incidence was important, a cascade of cambered aerofoils was 
used. 
 
 
Figure 5-1: Parameters under consideration. 
 
For all tests the MISES CFD code was used to generate the surface pressure distribution. The 
flow conditions were simplified as far as possible by only considering incompressible, inviscid 
flow in the cases where the effect of Mach number and Reynolds number respectively were not 
being considered. The spike height was quantified using the inviscid spike diffusion factor, Dspike, 
presented in Equation 1-i. The baseline blade used had a controlled diffusion profile and was 
designed as a rotor hub (Rec = 1.5 x 106, M = 0.7). 
It is important to note that this chapter does not aim to provide a formula that can be used to 
calculate the spike height of any particular blade, this can be done using MISES, but rather it aims 
to demonstrate the trends of how spikes vary when common design parameters are changed. 
5.1 The effect of leading edge geometry  
Many early aerofoils, such as the NACA 6 series were designed with a nominal circle radius 
at the leading edge. This was nominal because the suction and pressure surface approached it only 
in the limit very close to the leading edge point (giving a wedge angle of ~180°) and thus it is 
probably more correctly described as the radius of curvature at the leading edge point. In the early 
development of axial compressors, however, these blades were scaled down, cambered and used as 
rotors and stators. It was found that the leading edges, and indeed the trailing edges, had to be 
thickened up to ensure that they had sufficient structural integrity. This was achieved by increasing 
the radius of the leading edge circle which consequentially reduced the wedge angle to much lower 
values (between around 5° and 25°). Such low wedge angles are still used today although the range 
of leading edge shapes has been extended to include, for example, ellipses and parabolas. This 
section considers how these two geometric parameters can be used to reduce spike height, but also 
considers whether doing this will compromise on the structural integrity of the leading edge. 
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5.1.1 Leading edge shape 
The effect of the leading edge shape on spike diffusion can be tested independently of the 
wedge angle by testing on a flat plate, see Figure 5-2. This is useful to illustrate the effect because 
the spike also becomes independent of blade geometry. For a flat plate with an elliptical leading 
edge this gives one degree of freedom, the semi-axis ratio of the ellipse; increasing the ellipse ratio 
will increase the ‘sharpness’ of the leading edge. 
The spikes on two flat plates, one with a circular leading edge and one with a 3:1 elliptical 
leading edge are shown in Figure 5-2. The figure shows that there is a benefit aerodynamically but 
at the cost of the leading edge thickness. 
The aerodynamic benefit is a reduction in spike diffusion (Circle - Dspike = 0.36, 3:1 Ellipse - 
Dspike = 0.16). This reduction increases with higher ellipse ratios and the trend is shown as a black 
line in Figure 5-3. The compromise in the thickness is more dependent on the definition. If it is 
defined as the thickness at, x = tLE, then ellipse ratios less than around three have no effect, but 
larger ellipse ratios will cause significant reductions (leading edge thickness is halved with a 15:1 
ellipse ratio).  
 
 
Figure 5-2: Inviscid surface pressure coefficients for flat plates with circular and 3:1 
elliptical leading edges (Including test setup). 
 
5.1.2 Wedge angle 
The second variable, wedge angle, was changed on an un-cambered cascade of aerofoils; see 
Figure 5-3(a). The baseline thickness distribution was cut just upstream of peak suction and a third 
order Bézier curve was fitted. The Bézier ensured that curvature and gradient was continuous at the 
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cut location and that the gradient was correct at the tangent to the leading edge where an ellipse 
was fitted. 
The effect of wedge angle on spike diffusion factor is shown in Figure 5-3. In this figure 
three different wedge angles are presented, each tested with a number of ellipse ratios. Also shown 
is the trend obtained for a flat plate, with zero wedge angle, shown as a black line. The results show 
that increasing the wedge angle decreases the spike height and is thus aerodynamically desirable. 
The effect is demonstrated by plotting the surface pressure distributions of four example blades (A-
D from Figure 5-3) in Figure 5-4(a). When comparing the three circular leading edges, A-C, it can 
be seen that increasing wedge angle not only decreases the spike diffusion, but also pushes the 
spike further forward. 
 
 
Figure 5-3: Spike diffusion factor as a function of wedge angle and ellipse ratio on an 
uncambered aerofoil (Including test setup). 
 
The reason that the spike is pushed further forward is because the size of the leading edge 
circle has been decreased; this has a large detrimental effect on the leading edge thickness, shown 
for the four blades in Figure 5-4(b). To determine whether a designer, aiming to reduce the spike 
height without compromising thickness, should increase the wedge angle or increase the ellipse 
ratio, two leading edges with similar spikes but different design philosophies are compared. The 
two candidate blades are C and D: C has had the wedge angle increased; D has had the ellipse ratio 
increased. It can be seen from Figure 5-4 that despite having a smaller spike, the leading edge of 
blade D is also thicker. This implies that changing the leading edge shape should be the preferred 
method of reducing the spike height. 
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Figure 5-4:Inviscid surface pressure coefficients of blades A, B, C and D from Figure 5-3. 
5.2 The effect of blade geometry  
The second group of parameters that are being considered concern the overall blade 
geometry, usually described in terms of camberline and thickness distribution. These are 
considered because the size of the spike cannot practically be isolated from them either in the way 
they affect the leading edge geometry or cause the flow local to the leading edge to change. 
5.2.1 Thickness distribution 
To determine the effect that the thickness distribution has on the spike, it had to be 
decoupled from the effect that the thickness distribution may have on blade loading. To do this the 
tests were performed on a cascade of un-cambered aerofoils at zero-incidence, see Figure 5-5. A 
circular leading edge was used; the leading edge circle radius, chord, trailing edge thickness and 
the maximum thickness were held constant. To change the thickness distribution, the location of 
the maximum blade thickness, xMT, was varied.  
The results, plotted in Figure 5-5(a), show that as the location of maximum thickness is 
moved forward, the size of the spike reduces. This is caused because reducing the distance between 
the leading edge and the location of maximum thickness effectively increases the wedge angle and, 
as shown in the previous section, this reduces spike diffusion. An example is shown in Figure 
5-5(b). In this plot two blades are compared, the first, shown in red, has max thickness located 
furthest rearward, at 40% of chord, the second, shown in black, has max thickness located further 
forward, at 35% of chord. The former has the larger spike (Dspike = 0.221) with a wedge angle of 
19°, whilst the later has the smaller spike (Dspike = 0.193) but with a larger wedge angle of 24°. 
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Thus a designer should, where possible, move the location of maximum thickness forward if they 
wish to reduce spike height. 
 
 
Figure 5-5: The effect of the location of max thickness on the spike height including two 
example leading edge pressure distributions. LE & TE radii and max thickness held constant. 
 
5.2.2 Camberline distribution 
The geometry of the camberline is chosen to give a desired blade loading distribution. This 
may have an effect on the spike by the way the loading distribution affects the local incidence with 
which the flow approaches the leading edge at the stagnation point: Moving the loading forward 
effectively increases the up-wash seen at the leading edge and this increases the local incidence. 
This effect can be thought of in terms of circulation, which is linked to the boundary layer edge 
velocity and thus loading by Equation 5-i (uδ is the boundary layer edge velocity; l is a closed loop 
around the boundary layer edge). As the loading is moved forward so too is the centre of 
circulation. If approximated by a single vortex of strength Γ, then the up-wash velocity is given by 
Equation 5-ii (v is the velocity normal to the camberline at the leading edge, r is the distance from 
the centre of circulation to the stagnation point and θ is the angle between the vector r and the 
camberline at the leading edge point). The model is shown schematically in Figure 5-6. 
 ∫ ⋅=Γ dluδ   (5-i)
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Figure 5-6: Schematic showing how a change in loading distribution affects local incidence 
and thus spike height. 
 
To investigate the effect that a change in camberline distribution has on spike diffusion, two 
cambered compressor blades were tested with different camberline distributions, see Figure 5-7. 
The first has a circular arc camberline, characteristic of many early compressor blades; this exhibits 
continuous curvature. The second has a more engine representative controlled-diffusion (CDA) 
camberline; this has curvature that is higher further forward and reduces further rearward. Both 
blades have the same inlet and exit metal angles and the same chord. 
The resultant surface pressure distributions are shown in Figure 5-8(a), with a magnification 
of the leading edge region shown in Figure 5-8(b). The pressure distribution shows that there is 
much more desirable ‘ski-slope’ suction surface pressure distribution with the CDA camberline, 
but that the spike on the suction surface becomes larger whilst that on the pressure surface becomes 
smaller. This change occurs because of the change in local incidence at the leading edge caused by 
the change in the loading distribution. With the circular arc camberline the local incidence was 
1.7°; this increased to 6.5° when the controlled diffusion camberline was used; this surprising 
amplification is discussed in the next section. 
The recent trends in compressor design have been to push loading much further forward than 
would be expected on external aerofoils and thus increasing the incidence amplification at the 
leading edge. It may, however, be possible to reduce this by moving peak suction further 
rearwards. This has been achieved on external aerofoils by designing for laminar flow over the 
suction surface. Work by Liebeck (1973) shows that to achieve the highest lift to drag ratio a large 
extent of laminar flow should be achieved on the suction surface; his aerofoils had peak suction 
located at around 50% of chord. 
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Figure 5-7: Schematic of camberlines tested (Including test setup). 
 
 
Figure 5-8: The effect of camberline distribution on the inviscid surface pressure 
distribution: Circular arc v controlled diffusion camberline. Inviscid, incompressible flow through 
a cascade. 
5.3 The effect of flow parameters 
Whilst the blade geometry affects the spike height, the inlet flow conditions may also have a 
large effect; in particular changes in inlet incidence will alter the ‘local’ incidence either 
magnifying or suppressing the spike and thus affecting the blades’ off design performance. Also 
changes in the inlet Mach number will change the effect that compressibility has whilst changes in 
Reynolds number will change the effect that viscosity has. 
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5.3.1 Incidence 
The incidence onto a compressor blade will vary throughout the flight cycle causing a 
change to the flow around the leading edge and thus the size of the spike. The change is driven by 
the way that the blade loading changes with incidence and can be split into two effects: Firstly as 
the incidence increases the total flow turning will increase; this increases the total blade loading. 
Secondly the excess flow turning required occurs close to the leading edge in order to channel the 
flow through the blade passage; this moves the overall loading forward. A schematic of this is 
shown in Figure 5-9. 
 
 
Figure 5-9: Schematic showing how a change in inlet incidence affects loading distribution 
and thus local incidence. 
 
The combined effect of these changes in the loading is to amplify the local incidence at the 
stagnation point; thus causing it to change faster than the global inlet incidence. An example is 
given in Figure 5-10; this shows the relationship and how it is affected by leading edge geometry. 
The two leading edge geometries tested are a circular and a 3:1 elliptical leading edge. If the lines 
are approximated to be linear around iloc = 0°, then the amplifying constant, k (where iloc = k iinlet + 
c) is 6.7 for the circular leading edge and 12.1 for the elliptical leading edge. 
To test the effect that these changes in local incidence have on the spike diffusion, 
calculations were performed on cambered blades in a cascade with the two different leading edge 
geometries. The test setup is shown in Figure 5-10. 
The results are shown in Figure 5-11 which compares the spike diffusion on both surfaces as 
a function of incidence. The first point to note is that the suction surface spike increases with 
positive incidence, the pressure surface spike with negative incidence. The change in spike height 
is caused because of the change in local incidence. As the stagnation point is displaced further from 
the aerofoil nose, the flow on one of the surfaces has to be accelerated hard around the highly 
curved leading edge, thus increasing the size of the spike. 
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Figure 5-10: The effect of global inlet incidence, iinlet, on the local incidence with which the 
stagnation streamline meets the leading edge, iloc: Circular v 3:1 Elliptical LE. 
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Figure 5-11: The effect of incidence on the inviscid spike height: Circular v 3:1 Elliptical 
LE. 
 
The second point to note is that, at a given incidence, the spikes obtained with a 3:1 elliptical 
leading edge are always smaller than those with a circular leading edge; this is despite the swing in 
local incidence being greater with an elliptical leading edge. The blades tested in this survey have a 
large incidence range; however with some low speed leading edges this may be even greater. In 
these cases the much higher amplification of local incidence may be detrimental at very large 
positive or negative incidences.  
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Another interesting question is whether changing the camberline changes the amplification 
factor of local incidence, k. This was investigated using the blade with the circular arc camberline 
that was investigated in the previous section. For this blade, with a circular leading edge, the 
constant, k, was reduced slightly (k = 6.1) relative the CDA stator with the circular leading edge (k 
= 6.7). This however had very little effect on the growth of the spike with incidence. The only 
observable difference was an offset of 0.7° in positive incidence. This suggests that changes in the 
camberline do affect the amplification of local incidence, but that this seems to have little effect on 
the rate of growth of the spike. 
5.3.2 Compressibility: The effect of Mach number 
A second effect that may increase the spike height is that of compressibility. By making the 
leading edge appear blunter to the oncoming flow, as described in Chapter 2, the spike will be 
larger than in incompressible flow. This effect is important in real engines where flow velocities 
are chosen to be high in order to allow high specific work input per stage; most blades operate with 
Mach numbers in the range of 0.4 to 1.2. 
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Figure 5-12: The effect of compressibility on the inviscid spike height: Circular v 3:1 
Elliptical LE (Including test setup). 
 
To quantify the effect this has on spike diffusion, the Mach number onto an un-cambered 
cascade of aerofoils at zero-incidence was increased; as shown schematically in Figure 5-12. This 
configuration was used in preference to a cambered cascade as it prevented the changes in loading 
that would affect the local incidence; it is worth noting however that in this setup the passage shock 
does not interact with the leading edge on the pressure surface. The incompressible result is shown 
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in Figure 5-12. The Mach number in these tests was limited to 0.8 because the passage choked 
when the back pressure was dropped further. 
The figure shows that increasing the Mach number increases the spike height. At the higher 
Mach numbers seen in engines the spikes with a circular leading edge are becoming supersonic 
causing shockwaves that, in a viscous flow, would be likely to cause the boundary layer to 
separate. The second effect is that the rate of growth of the spike increases. At the highest Mach 
number the spike with the circular leading edge is 64% bigger than it would be in incompressible 
flow, but it is only 40% bigger with the elliptical leading edge. The implication is that spikes will 
be larger in compressible flow, but also that the effect is greater with larger spikes. 
5.3.3 Viscosity: The effect of Reynolds number 
The third flow parameter that may change the spike height is flow viscosity. This leads to the 
development of boundary layers on the blade surface and the blockage these create, equivalent to 
the boundary layer displacement thickness, will change the apparent leading edge geometry. 
There are two distinct types of boundary layer that should be considered; those that are 
attached and those that are separated. For the case of fully attached boundary layers, the boundary 
layer displacement thickness, and thus blockage, will generally increase with distance from the 
stagnation point, but in an accelerating boundary layer the rate of growth may reduce or even 
become negative; conversely in a decelerating boundary layer this rate of growth increases. The 
effect of this is to reduce the overall size of the spike and thus the spike diffusion. These changes 
will only be significant when the boundary layer thickness is large and will thus be confined to 
lower Reynolds numbers. The second case is for those boundary layers that are separated. In these 
cases the localised separation dramatically increases the displacement thickness before it reduces as 
the flow reattaches. This causes an even more pronounced drop in the spike height and can still be 
significant at high Reynolds numbers when the attached boundary layers are nominally thin. 
To quantitatively determine the effect of Reynolds number on spike diffusion, tests were 
performed on an un-cambered cascade of aerofoils at zero incidence; the results and a schematic of 
the test setup are shown in Figure 5-13.  
At leading edge Reynolds numbers greater than 104 the effect of viscosity becomes 
negligible with a 3:1 elliptical leading edge. This is because the elliptical leading edge has fully 
attached flow and the boundary layers are no longer thick enough to affect the spike diffusion; this 
indicates that above this critical Reynolds number attached boundary layers do not affect the 
leading edge surface pressure distribution. With the circular leading edge, however, the boundary 
layer is separated at this Reynolds number causing an 18% reduction in spike diffusion relative to 
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the inviscid case, see Figure 5-13(b). Even at very high Reynolds numbers (approaching 105) the 
effect of the separation is to reduce spike diffusion. 
The fact that a separation bubble causes the collapse of the spike raises a key question; that is 
how should the spike be quantified, by viscous or inviscid spike diffusion. Being absolutely correct 
the viscous spike diffusion should be used because this is the diffusion seen by the boundary layer, 
but the inviscid spike diffusion is perhaps more useful. This is because it is the inviscid spike that 
causes the separation to appear, assuming the Reynolds number is high enough so the attached 
boundary layers are thin. Therefore it can be argued that the spike that causes the separation to 
appear is more important than the spike that is a consequence of the separation. For this reason the 
inviscid spike diffusion factor, Dspike, will be used throughout this thesis to quantify the size of 
spike. 
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Figure 5-13: The effect of viscosity on the inviscid spike height: Circular v 3:1 Elliptical LE 
(Also showing test setup). 
 
As a final note, for the very lowest Reynolds numbers the size of the boundary layers 
become so large (δ*/rLE > 0.2) that the circular leading edge no longer separates. In these cases the 
reduction in spike height by changes in displacement thickness is enough to prevent separation. 
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5.4 A ranking of factors affecting spike height 
The final part of this chapter aims to provide the reader with an overview of each of the 
effects described above. In each case the change in geometry or flow condition that causes a 10% 
reduction in suction surface spike height will be quantified. The baseline blade will have a circular 
leading edge, a wedge angle of 15°, max thickness at 40% chord and a modern controlled diffusion 
camberline. The baseline will operate in inviscid, incompressible flow with zero local incidence. 
The results are shown in Table 5-A. 
 
Change that causes a 10% reduction in Spike diffusion factor (Dspike) Baseline New 
Leading edge ellipse ratio 1.0 1.2 
Wedge angle 15°  19°  
Location of max thickness 40% 36% 
Incidence 0° -0.76° 
Mach number 0.7 0.66 
Leading edge Reynolds number ∞ 104
 
Table 5-A – The changes in flow and geometry parameters that reduce the suction surface 
spike diffusion by 10% relative to a baseline case. 
 
In addition to the effects described above, the change from a controlled diffusion camberline 
to a circular arc camberline also reduced the suction surface spike height by around 10%. It can be 
seen from the table that only relatively small changes in general are required to reduce spike 
diffusion by 10%. Of particular interest is the small change in ellipse ratio that is required; for a 
designer aiming to reduce the spike under a given set of inlet flow conditions whilst maintaining 
leading edge thickness this is of greatest interest. 
5.5 Conclusions 
The spikes in surface pressure distribution that occur at the leading edge of compressor 
blades are a function of: the geometry of the leading edge; the ‘local’ incidence at which the 
stagnation streamline meets the leading edge; the compressibility and the viscosity of the flow. 
Changes in the geometry of the leading edge allow the greatest reductions in spike height at 
a given inlet flow condition. Such changes can be most efficiently achieved by changing the 
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baseline shape, e.g. by using a larger ellipse ratio. In all tests done the greatest reduction in spike 
height was achieved by changing from a circular to a 3:1 elliptical leading edge. Finer ellipse ratios 
reduced spikes further but increasingly thinned the leading edge. Spike diffusion can also be 
reduced by increasing the wedge angle, but this is at a significant cost to the leading edge thickness 
and thus structural rigidity. 
The local incidence is affected by changes to the blade loading distribution, either through 
changes to the camberline distribution or inlet incidence. Changes to the inlet incidence, in 
particular, can greatly increase spike diffusion. This occurs because the change in magnitude and 
distribution of blade loading causes the local incidence to be magnified by around 6-12 times 
relative to the inlet incidence. This causes the spike to be very incidence sensitive (a 0.74° 
incidence change caused a 10% change in spike height). 
In regimes where the compressibility becomes important spikes will increase in size, 
particularly when supersonic patches are formed around the leading edge. Viscosity acts to reduce 
spikes, but this only becomes important at engine Reynolds numbers when the flow around the 
leading edge separates causing the spike to collapse. The best metric to use in order to quantify 
whether separation will occur or not is the inviscid spike diffusion; it is the inviscid spike that will 
initiate the separation, the viscous spike is the resultant end-state. 
These findings have particularly important consequences for low speed testing where blade 
geometries are often scaled in order to match the global pressure distributions. In these cases the 
wedge angle is often set to be too high and when testing at low Reynolds numbers the effects of 
viscosity may be too great and compressibility around the leading edge ignored. In the rest of this 
thesis blades are used with correctly scaled leading edges that are Reynolds number correct and 
have an inviscid spike height representative of real engine blades. 
Finally the conclusion that the leading edge geometry is the most important factor affecting 
spikes raises the question of whether an improved leading edge can be designed that is not limited 
to simple geometric shapes, this is the subject of the next chapter. 
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Chapter 6  
Design of a spikeless leading edge 
Compressor blade leading edges have historically been defined using simple geometric 
shapes, e.g. circles or ellipses; both of which have spikes in the surface pressure distribution. In this 
chapter these geometric limitations are relaxed in order to produce a leading edge that has no spike. 
An indication of the effect that spikes may have was reported in 1961, when only circular 
leading edges were common. Using previously unpublished test results from Rolls-Royce, Carter 
(1961) showed that changing the leading edge radius could affect the blade incidence range. 
Conventional wisdom dictated that a sharp leading edge, that is one with a small leading edge 
radius, would result in a blade with a low incidence range; this is because the spike was perceived 
to be large away from design incidence. Carter, however, showed that the opposite was true; in his 
tests the leading edge with the smallest radius (one with a ratio of leading edge radius to the 
maximum blade thickness of 8%) gave the largest incidence range. This apparent paradox raises 
the question of whether sharp leading edges can have no spikes over a wide range of incidences. 
Evidence that this is the case was presented in the previous chapter. The spike obtained when 
using a Circular leading edge is larger over the whole incidence range than with the equivalent, 
sharper, 3:1 elliptical leading edge; the radius of curvature at the leading edge point is 
approximately 3 times greater with the ellipse. To determine whether an even better leading edge 
can be designed, that still maintains adequate thickness for structural reasons, a multi-objective 
optimisation was performed that allowed a wide design space to be explored. The results of this 
optimisation answer the question of whether sharp leading edges are best and in doing so Carter’s 
paradox is solved. 
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6.1 Methodology 
The blade chosen for the optimisation was the Deverson stator (Re1 = 2.8x105, M1 ~0.1). The 
baseline leading edge geometry was the 3:1 ellipse with a wedge angle of 15°. This blade was used 
as it allowed experimental testing to be performed with an engine representative leading edge, the 
results of which are presented in the next chapter. Only the thickness distribution of this leading 
edge, shown in Figure 6-1(a), was modified in the optimisation; the camberline remained fixed. 
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Figure 6-1: Optimisation objective functions (shown in red) and constraints (shown in blue). 
Demonstrated for the baseline blade. 
 
6.1.1 Performance metrics 
The optimisation aimed to minimise profile loss at design incidence (iinlet = -2.9°) whilst 
maximising the blade’s positive incidence range. The increase in positive incidence range was 
practically achieved by minimising the profile loss at iinlet = +5.2°. The variation of profile loss with 
incidence range is shown in Figure 6-1(b). The locations where the objective functions were 
calculated are shown as red dots. 
In addition to the objective functions, two constraints were imposed. The first, to prevent 
reduction of the negative incidence range; this stated that the profile loss should not increase at iinlet 
= -17.2°. The second constraint was imposed in-order to prevent the leading edge becoming too 
thin to be structurally acceptable; this stated that at a given distance along the camberline a 
minimum thickness should be surpassed. The locations where the constraints were imposed are 
shown as blue dots in Figure 6-1, the location of the thickness constraint is only shown 
schematically and is not provided due to commercial reasons. 
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6.1.2 Flow solver and optimiser 
The performance metrics were calculated with each new leading edge using the CFD code 
MISES. MISES is particularly useful for this purpose because its speed of calculation allowed 
many tests to be performed quickly. 
To select each new leading edge to be tested an adaptive-range, multi-objective, genetic 
algorithm (ARMOGA) was used in the optimiser SOFT (Smart optimisation for turbomachinery) 
(Shahpar (2002)). A genetic algorithm searches a design space producing a generation of solutions; 
each solution is assigned a fitness based on the objective function. The next generation is produced 
by combining beneficial characteristics from preceding solutions. The process is repeated over 
many generations to produce a solution that asymptotes towards the optimal. Genetic algorithms 
are good for finding gross global minima fast but take longer to find the optimal (Arakawa et al. 
(1998)). Using the adaptive range function allows the search range to be controlled so the optimal 
is approached faster. The multi objective function was used to allow a trade off between the 
objective functions. A flow chart showing how the optimisation was implemented is shown in 
Figure 6-2. 
 
 
Figure 6-2: Optimisation flow chart showing the process followed for each iteration. 
 
The optimisation itself was performed over 10000 iterations which took nine days on a 
single CPU. 
6.1.3 Geometry parameterisation 
An important part of an optimisation is the parameterisation of the geometry. Parameterise 
into too few basis functions and the design space will be poorly spanned, too many and the number 
of iterations required by the optimiser will rapidly rise. With the leading edge this trade off 
becomes particularly important because of the geometric characteristics: Firstly the leading edge is 
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a region where large surface curvature changes are expected, such changes require many basis 
functions to describe; secondly the infinite gradient in the thickness distribution at the leading edge 
point is difficult to describe using conventional techniques. 
Both these problems were removed by transforming the leading edge thickness distribution 
into a new design space. This new space, known as Shape space, was modified from a method 
reported by Kulfan (2007) where it was originally envisaged for whole airfoils. In this work she 
demonstrated that the best aerodynamic shapes become very simple when in the transformed 
domain; this point was highlighted by her observation that a straight horizontal line in Shape space 
describes the profile of a brown trout. 
Before transforming into Shape space the camberline and half-thickness coordinates, x and t, 
shown in Figure 6-1 were first normalised to give ψ and ζ, defined in Equation 6-i. They were 
normalised by a value of five times the leading edge half thickness, 2.5tLE (tLE is described at the 
location where the elliptical leading edge was tangent to the blade). 2.5tLE was chosen as this was 
the distance along the camberline that the thickness distribution would be allowed to vary i.e. 
producing the variable ζ(ψ) that could be varied in the range 0 ≤ψ ≤ 1. This cut location was 
chosen because it was far enough downstream to allow full control of the leading edge but far 
enough upstream so that the global pressure distribution was not affected. 
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The transformation into Shape space, S(ψ), is then performed using Equation 6-ii. In this 
equation the numerator represents the normalised thickness distribution with a linear function 
removed to ensure that its value is zero at ψ = 0  and ψ = 1. The denominator is split into two 
products: the first, √ψ, removes the high curvature at the leading edge and the infinite gradient at 
the leading edge point; the second, (1-ψ), maintains low curvature where the leading edge merges 
into the blade. The elliptical leading edge in this new transformed space is shown in Figure 6-3(a). 
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In the limit as ψ tends to 0 and 1, the numerator and denominator both tend to zero in this 
equation. Kulfan showed that in the limit, S(0) is given by Equation 6-iii and can therefore be used 
to determine the leading edge radius of curvature, rLE. S(1) represents the gradient of the half-
thickness distribution at ψ = 1; this was fixed to ensure no discontinuities in gradient. 
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The simplicity of the Elliptical leading edge in this space, shown in Figure 6-3(a), 
demonstrates that very few basis functions would be required to describe it. Despite this, high order 
basis functions were employed in the optimisation to ensure a comprehensive spanning of the 
design space; Bernstein polynomials of 16th order were used to achieve this. Bernstein polynomials 
were employed because they allowed the space to be well spanned without allowing 
discontinuities.  
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Figure 6-3:Method of parameterisation demonstrated for 3:1 elliptical LE: Shape space populated 
with forward loaded Bernstein polynomials. 
 
The clustering of the polynomials was increased close to the leading edge point for increased 
resolution in this area. This was achieved by mapping the polynomials onto a circular arc:  (ψ = 1 – 
cos(θ)), shown schematically in Figure 6-3(b). θ is defined in the range between 0 and π/2. The 
equation for the Bernstein polynomials as a function of θ is shown in Equation 6-iv. The design 
space is spanned by changing the magnitude of the 16 constants, ci (i = 0:15); the final parameter, 
ci = 16, was fixed to prevent a discontinuity in gradient at ψ=1. 
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6.2 Results of optimisation  
The result of the optimisation, presented as a comparison between loss at design and loss at 
high incidence is shown in Figure 6-4. In this figure solutions towards the bottom left of the graph 
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are preferable. The constraint to maintain low incidence range is indicated by the colour of the 
points; those with the largest negative incidence range are coloured dark blue, the regions where 
the constraint is not violated are encompassed in a red ring. 
It is interesting to note that the desire to increase the operating incidence range whilst 
minimising the loss at design incidence are not mutually exclusive objectives. This implies that an 
optimal leading edge exists that does not have to compromise either; this agrees with Carter’s 
(1961) observations.  
 A secondary observation is that there is a gap that exists between the two clusters of points. 
These are split due to a change in the transition location at design incidence. Those in the upper 
group had transition occurring at the leading edge, caused by a large spike, where as those in the 
lower region had transition downstream of peak suction; these solutions has small spikes. 
 
 
Figure 6-4: Optimisation result showing the comparison between loss at high incidence and 
loss at design incidence. Loss at low incidence is indicated using colour. 
 
The leading edge that was selected from the optimisation is shown as a black star. This 
leading edge is plotted in Shape space in Figure 6-5. In this space it can be seen that this leading 
edge is almost linear, supporting Kulfan’s observations that simple functions in Shape space 
behave well aerodynamically. This new leading edge can be thought of as initially parabolic and 
then merging smoothly onto the blade’s thickness distribution. The simplicity of the leading edge 
in Shape space also highlights that despite many basis function being used to describe it, it could, 
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in fact, be described by very few. This simplicity is also likely to be attractive to designers who 
could retrofit the leading edge with minimal parameters; a potential approach is described and 
verified at the end of the chapter.  
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Figure 6-5: Optimisation result in transformed space: Comparison of Baseline, 3:1 elliptical LE 
and the optimised LE. 
 
The intercept at ψ = 0 in Figure 6-1 can be used to obtain the leading edge radius of 
curvature and thus allows comparison with the results of Carter (1961). Carter found that the blade 
with the sharpest leading edge he tested (with a radius of 8% of the blade’s maximum thickness) 
had the greatest incidence range. The leading edge produced by this optimisation has a radius of 
curvature, at the leading edge point, to the blade’s maximum thickness of just 4%, and was thus 
even sharper than Carter’s. The implication of this is that sharper leading edges can provide a better 
incidence range than blunt ones. On the optimised blade this is achieved by having a high curvature 
at the leading edge point and reducing this continuously and smoothly onto the blade surface; the 
curvature distributions for the optimised and baseline blades are shown in Figure 6-6. 
6.3 Performance of the optimised leading edge 
The effect that the optimised leading edge has on profile loss compared to the baseline is 
shown in Figure 6-7. At all inlet incidences greater than iinlet = -17.2° the effect of the optimised 
leading edge is to reduce loss; at incidences below this loss is slightly higher. Such a reduction in 
performance at large negative incidences is, however, likely to be less relevant. On real engine 
blades, at higher Mach numbers, the negative incidence range is often limited by choke rather than 
negative incidence stall. 
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Figure 6-6: Curvature distribution for the optimised and 3:1 elliptical leading edges. 
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Figure 6-7: Comparison of calculated profile loss against incidence for both leading edges. 
 
At incidences greater than 2°, the profile loss with the elliptical leading edge rises fast. With 
the optimised leading edge this increase occurs later, closer to 5°. The difference can be inferred by 
considering the surface pressure distributions shown in Figure 6-8. Figure 6-8(a) shows the 
experimental and computational surface pressure distributions at design incidence (iinlet = -2.9°), 
Figure 6-8(b) shows an enlargement of the suction surface spike at design incidence and at iinlet = 
0.6°. The key difference between the two leading edges at both incidences is the size of the spike. 
In both cases there is no spike with the optimised leading edge, whilst there is a spike with the 
elliptical leading edge; this spike increases in size with incidence.  
It is the spike that causes the sudden increase in loss at the critical incidence. When the spike 
diffusion becomes large enough, it initiates premature transition at the leading edge increasing loss. 
Because the optimised leading edge resists the growth of the spike, its critical incidence is higher. 
At very high incidences a spike does begin to grow, as shown in Figure 6-9, but it can be seen to be 
always less than that with an elliptical leading edge. 
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Thus it has been shown that sharper leading edges are preferable on a compressor blade. If 
they are designed well then the spike can be removed over a wide range of incidences. This results 
in a leading edge that has a wide operating incidence range, but that maintains low loss at design 
incidence. This solves Carter’s paradox and explains why sharp leading edges are preferable. The 
new leading edge will, from hereon be known as the spikeless leading edge. 
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Figure 6-9: The calculated effect of incidence on the inviscid suction surface spike height. 
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6.4 A robust method of retrofitting the leading edge 
Having found the optimised thickness distribution, it is of interest to develop a generic 
method by which this spikeless leading edge can be attached to the thickness distribution of any 
blade. Such an approximation must reproduce the properties of the spikeless leading edge in Shape 
space, notably the low curvature and the intercept at ψ = 0. This is done through two steps, firstly 
normalising dimensions by a robustly calculated leading edge thickness and secondly by fitting a 
quadratic function in Shape space to create the new leading edge. 
6.4.1 Determining the leading edge thickness 
A robust calculation of leading edge thickness is desirable as this will allow the camberline 
and thickness coordinates to be correctly normalised when creating the coordinates ψ and ζ. Such a 
process is relatively simple for traditional leading edges that are considered in terms of a baseline 
shape, such as a circle or ellipse, and a wedge angle; in this case the thickness at the tangent point 
may be used. If, however, the leading edge is designed without discontinuities, such as those on 
NACA aerofoils or the one presented in this Chapter, then this definition becomes invalid. Thus in 
order to produce a robust measure of the leading edge thickness, the diameter of an equivalent 
circular leading edge is used; this has the advantage that it is easy to calculate and will be 
independent of the baseline leading edge shape. A schematic of what is desired is shown in Figure 
6-10(a). 
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Figure 6-10: An initial guess for leading edge thickness. 
 
The three stage method developed relies on the fact that the curvature is low downstream of 
the leading edge and therefore the gradient of the thickness distribution only changes slowly. The 
first stage of the process is to find a point in this region, calculated by determining where the line t 
= 0.8x intersects with the blade surface, see line α in Figure 6-10(b); this was found to work well 
for all leading edges tested. The second stage is to fit a tangent to the blade surface at this 
intersection, shown as line β. The final stage is to fit an equivalent circular leading edge onto this 
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tangent, shown as curve γ. The leading edge thickness was then calculated as the diameter of this 
circle. 
6.4.2 Attaching a spikeless leading edge 
After converting the leading edge into Shape space using equations 6-i and 6-ii, a generic 
function was required that, when used in Shape space, would produce a good leading edge. Three 
demands were stated: firstly discontinuities in magnitude, gradient and curvature, especially at ψ=1 
should be avoided; secondly, the curvature of the function in Shape space should be kept low; and 
finally the intercept, S(ψ=0) should be approximately 0.2. These constraints are shown 
schematically in Figure 6-11. 
 
 
Figure 6-11: Required conditions for the function in Shape space to create the new spikeless 
leading edge. 
 
The lowest order function that was found to achieve these demands was a quadratic, as 
shown in Equation 6-v. 
 cbaS ++= ψψ 2  (6-v)
The quadratic was fully defined by ensuring continuity in magnitude, gradient and curvature 
at ψ=1. The constants a, b and c can be worked out using Equations 6-vi. In these equations S’ is 
the derivative of S with respect to ψ, S’’ is the second derivative. Whilst not including the 
requirements for low curvature and the intercept at ψ=0, these are automatically fulfilled. 
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6.4.3 Test cases 
To verify the applicability of the method to blades with different design philosophies, three 
blades were examined as test cases. The first was the low speed stator that was the subject of the 
original optimisation (Re1 = 0.28x106, M1 ~ 0.1), the second was an engine representative rotor hub 
with a moderate inlet Mach number (Re1 = 1.5x106, M1 = 0.70) and the third a transonic rotor tip 
with very low thickness to chord ratio (Re1 = 0.75x106, M1 = 0.85). All started with circular leading 
edges. The leading edges are compared in Shape space and Cartesian space in Figure 6-12. 
 
 
Figure 6-12: Three test cases, Blades A, B and C, plotted in Shape space and Cartesian 
space with circular and spikeless leading edges. 
 
The figure shows all three design philosophies become similar in shape space despite their 
clear differences in Cartesian space. It is worth noting that because the cut location is chosen to be 
downstream of the leading edge tangent point, this method is applicable to use with any starting 
leading edge geometry.  
The effect that the change has on the blade performance is examined in Figure 6-13. In this 
figure the two leading edges (spikeless and circular) are also compared to a 3:1 elliptical leading 
edge which represents the current state of the art. For all three blade design philosophies three plots 
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are shown. The first figure shows the effect that the geometry has on the suction surface spike at 
design incidence; the second shows how this spike changes with incidence (up to the incidence at 
which it becomes indistinguishable from the global pressure distribution); and finally the third plot 
shows how this affects the profile loss at different incidences.  
 
 
Figure 6-13: Three test cases each with three leading edges (Circular, 3:1 Elliptical and 
Spikeless LE) showing the spike at design incidence, the spike diffusion factor as a function of 
incidence and the operating incidence range, all calculated using MISES. 
 
In each of the surface pressure distribution plots, the spikeless leading edge has the smallest 
spike whilst the circular leading edge has the largest. The benefits are also apparent across the 
operating incidence range. Only in the low speed stator does the spikeless leading edge not perform 
best at all incidences; at large negative incidences, less than 15° below design, the elliptical leading 
edge is better, the circular leading edge is always the worst. It is perhaps surprising that the benefits 
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of the spikeless leading edge over the elliptical leading edge are greatest on the two engine 
representative blades; this is despite the leading edge having been optimised on the low speed case. 
6.5 Conclusions 
Carter’s (1961) paradox, that ‘sharp’ leading edges result in a wider operating incidence 
range than ‘blunt’ leading edges, has been solved. It is shown that a leading edge radius to max 
thickness of 4%, sharper than the sharpest tested by Carter, achieved the widest operating incidence 
range. It is shown that this is achieved by removing the spike over a wide range of incidences. 
This spikeless leading edge was found to start parabolic and then merge linearly with the 
blade profile over a distance of 2.5 leading edge thicknesses. This leading edge did not compromise 
thickness constraints at the leading edge. 
An approximation to the optimised leading edge can be retro-fitted to any compressor blade 
using a zero parameter model. In all cases tested the performance of a blade with the new spikeless 
leading edge was improved in comparison to a state of the art 3:1 elliptical leading edge. This was 
because the spike was removed or minimised. 
Finally it is worth noting that due to manufacture deviations and subsequent in-service 
erosion, the geometry of leading edges rarely matches the design intent. If these deviations become 
greater than 15% of the leading edge thickness then the difference between a 3:1 elliptical and the 
spikeless leading edge falls within the deviation uncertainty; that is around 75µm on a typical 
leading edge. Thus even if the design intent has no spikes, such as with the spikeless leading edge, 
real blades are still likely to have spikes when used in practice. This may mean that the true, robust, 
optimal may be different; this is investigated in Chapter 9. 
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Chapter 7  
A criterion for the effect of spikes 
Whilst it is possible to design a spikeless leading edge, it would, in practice, be prohibitively 
expensive to ensure that there were no spikes on all leading edges in-service. This is because the 
design intent is rarely achieved and any geometry deviations, obtained either during manufacture or 
through in-service erosion, are likely to make small spikes inevitable. In this chapter the 
consequence of these small spikes are investigated in a simulated multistage environment. A 
criterion, based on spike diffusion, is developed that differentiates those leading edges that increase 
profile loss and those that do not. This criterion is adequately simple and quick to calculate such 
that it can be used to determine whether individual blades, either coming off of a production line or 
during routine servicing, have a detrimental leading edge; for these cases the blade could then be 
re-profiled or replaced. 
7.1 The effect of small spikes on transition 
In order to determine the effect that small spikes have on profile loss it is important to 
understand their effect on transition. This was done by comparing two leading edges, the elliptical 
leading edge, which has a small spike (Dspike = 0.038 at design incidence, iinlet = -2.9°) and the 
spikeless leading edge, which has no spike. 
The effect on the suction surface transition location in steady flow, predicted by MISES, is 
shown in Figure 7-1(a); only the suction surface is considered because most of the loss is generated 
here. There are two key regions for each leading edge: the first, when the inlet incidence is less 
than a critical value, the transition location is downstream of the leading edge and moves forward 
with increasing incidence; the second is when the incidence is above this critical value and 
transition occurs at the leading edge. The reason for these two regions can be inferred by the effect 
that incidence has on the surface pressure distribution, shown for three cases with the elliptical 
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leading edge in Figure 7-1(b). At the lowest incidence the spike is small and does not initiate 
transition; instead it occurs just downstream of peak suction. As incidence is increased the suction 
peak moves forward causing transition to move forward. However, increasing incidence also 
causes the spike diffusion to increase and at the critical incidence this becomes large enough to 
initiate transition. By changing from an elliptical leading edge to a spikeless leading edge this 
critical incidence is increased by 2.5°. 
 
 
Figure 7-1: The effect of incidence on the suction surface transition location with example surface 
pressure distributions: Calculated using MISES. 
 
Also shown in Figure 7-1(a) is the range of incidences that could be achieved in the 
experimental compressor. This implies that if the blades were to be operated in a steady flow then 
there should be no expected difference in performance between the two leading edges, however, the 
incoming wakes from upstream blade rows, shown schematically in Figure 7-2, will periodically 
increase incidence; the swing is about 19° at design incidence and was obtained from the stator 
inlet traverses shown in Figure 3-2. This combined with the increased wake turbulence (Tuwake = 
8% at iinlet = -2.9°) makes premature, bypass transition more likely.  
To investigate what effect this had, tests were performed in the single stage compressor, a 
single stator was modified with a new leading edge; a gap between the stator and the hub annulus 
of 1% of chord was opened up in order to promote 2D flow. Hotwire boundary layer traverses were 
performed over the suction surface at the 16 locations given in Chapter 3. 
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Figure 7-2: Schematic of wake interactions at the leading edge. 
 
7.1.1 Transition at design incidence 
The time-resolved transition processes, for both leading edges at design incidence are shown 
in Figure 7-3(a) as space-time diagrams of intermittency. Intermittency is the fraction of time the 
boundary layer is turbulent. Also shown on the figure are contours of the probability of the calmed 
region existing. The calmed region is described as a region of decreasing wall shear stress 
following a turbulent spot; the methods of calculation for intermittency and determining the calmed 
region are described in Chapter 3. 
The same data is also represented schematically in Figure 7-3(b), where the two intervals of 
intermittency, γ = 0.25 and γ = 0.75 have been sketched to indicate the location of the onset and 
completion of transition respectively. A hatched region, indicating where the probability of the 
calmed region existing is greater than 40%, is also shown. 
  With both the elliptical and spikeless leading edges, an incoming wake causes transition to 
periodically move upstream, although this upstream location differs between the two cases.  When 
no spike is present, transition starts just upstream of peak suction, but when a small spike is 
present, the transition starts further upstream, close to the leading edge.  
With both leading edges, transition between wake passing events is delayed by the calmed 
region of flow. The extent and peak probability of the calmed region differ between leading edges. 
With a small spike, the earlier wake induced transition results in a larger and stronger calmed 
region. The effect of this is to further delay transition between wake interactions. When compared 
with the spikeless leading edge, transition onset is delayed by 20% s/s0. 
7.1.2 The effect of incidence on transition 
As the incidence onto each blade is changed, the spike height will also change, thus altering 
the transition process. The transition locations over the range of incidences are shown in Figure 
7-4. For each incidence two points are plotted. One represents the mean wake induced transition 
   83 
location; the other represents the mean transition location between wake events. These locations are 
where the intermittency equals 50%. The full space time diagrams from which this graph was 
determined are shown at the end of the chapter in Figure 7-17. 
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Figure 7-3: Space-time diagram of suction surface intermittency & contours of calmed region, iinlet 
= -2.9°. Raw data and a simplified sketch are shown. 
 
Below iinlet = -0.5°, there remains a distinct difference in the transition processes on each 
blade. When the spike is removed wake-induced transition is delayed and early transition between 
wakes is promoted. Above iinlet = -0.5°, the transition locations on both blades becomes similar. 
This is due to wake induced transition occurring at the leading edge in both cases. This occurs even 
with the spikeless leading edge because a high inlet incidence coupled with the wake incidence will 
cause a small spike to appear during wake interactions. 
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It has thus been shown that a small leading edge spike has a large effect on the time resolved 
transition process. The spike promotes wake induced transition and consequently delays transition 
between wakes. 
 
 
Figure 7-4: Effect of inlet incidence on mean transition location (γ = 0.5) within wakes and 
between wakes. 
7.2 The effect of small spikes on loss 
In this section the consequences of the change in transition process on the profile loss are 
determined; loss was quantified using the trailing edge energy thickness, a measure of the 
stagnation pressure deficit, or loss, within the suction surface boundary layer. Initially only the 
change due to premature wake induced transition will be considered by looking at the energy 
thickness at peak suction: The effect of the calmed region will then be introduced and the trailing 
edge energy thickness used to quantify the total loss generated on the suction surface. 
The loss generation over the blade surface is governed by the dissipation coefficient, which, 
as shown in Figure 2-13 is roughly 5-10 times larger for a turbulent boundary layer compared with 
an equivalent laminar layer. This means that the effect of premature wake induced transition will be 
to effectively increase the localised loss generation. This can be seen by looking at the energy 
thickness at peak suction, shown in Figure 7-5.  
In this figure the earlier wake induced transition initiated with the elliptical leading edge 
results in a 40% increase in the instantaneous energy thickness. This only causes an increase in the 
time-mean energy thickness of 11% because the flow between wakes to this point is nearly all 
laminar, the energy thickness here remains low and constant and is comparable between blades. 
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Figure 7-5: Measured energy thickness at peak suction, iinlet = -2.9°. 
 
Downstream of peak suction the loss production is strongly influenced by the calmed region. 
Within the calmed region the laminar-like flow results in the lower levels of dissipation coefficient 
seen in laminar boundary layers. Thus the larger the calmed region, the lower the total loss 
generation between peak suction and the blade trailing edge. Figure 7-6 shows the trailing edge 
energy thickness. Despite the wake induced regions being less clear than at peak suction the effect 
of a small spike with the elliptical leading edge can still be observed as a rise in peak loss. Between 
the wakes the larger calmed region with the elliptical leading edge causes a reduction in loss. The 
combined effect of the rise in peak energy thickness and the reduction in the minimum energy 
thickness results in the two cases having identical profile loss at design incidence. 
 
 
Figure 7-6: Measured trailing edge energy thickness, iinlet = -2.9°. 
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The time-mean, suction-surface loss variation with incidence is shown in Figure 7-7. It 
shows that a small spike has no influence on loss over the incidence range tested. This is despite 
the transition mechanisms, differing for iinlet < -0.5. 
 
 
 
Figure 7-7: Measured effect of inlet incidence on the time averaged energy thickness at the trailing 
edge. 
 
7.2.1 The effect of wakes on loss 
Wheeler et al. (2009) suggested that the effect of wakes was entirely detrimental. They 
postulated that the effect of premature wake induced transition was to raise turbulent wetted area 
and thus loss. The authors of the paper did not consider the additional beneficial effect of the wake 
induced calmed region.  
To determine the net effect of incoming wakes on loss, testing was undertaken with and 
without their presence. To remove the effect of incoming wakes, a single blade was removed from 
the upstream rotor. This allowed a steady state boundary layer to be approached. This is shown in 
the time resolved transition process plotted in Figure 7-8. A full set of these plots are shown at the 
end of the chapter, in 7-18. The onset, (γ=0.25) and completion, (γ=0.75) of steady transition 
occurs at s/s0 = 0.39 and at s/s0 = 0.48 respectively. It should be noted that at the same time-mean 
inlet angle MISES predicted a point transition at s/s0 = 0.32.  
The impact on loss can be seen in Figure 7-9. The figure shows the energy thickness at s/s0 = 
0.67, the position on the blade where transition is just complete. This location is chosen because the 
experiments begin to diverge from MISES downstream of this, probably due to some three 
dimensionality in the late suction surface boundary layer. 
The energy thickness of the steady state boundary layer with no incoming wake is shown to 
approach a value which is very close to the time-mean energy thickness with incoming wakes. This 
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indicates that the hypothesis made by Wheeler et al. (2009) is incorrect and that the additional loss 
resulting from premature wake transition is exactly offset by a reduction of loss due to an increased 
calmed region. Figure 7-9 also shows the energy thickness predicted by MISES. It is interesting to 
note that this is very close to the time-mean energy thickness with incoming wakes. It is perhaps 
coincidental that it agrees quite so well at this surface location, given the differences in transition 
process. 
 
 
Figure 7-8: Space-time diagram of suction surface intermittency & contours of calmed region with 
a missing wake & Elliptical leading edge, iinlet = -2.9°. 
 
 
 
Figure 7-9: Energy thickness at s/s0 = 0.67 with a missing wake, Elliptical leading edge, iinlet = -
2.9°. Comparison of measured experimental data and CFD. 
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7.3 The critical spike height 
It has been shown that small leading edge spikes can alter transition but do not affect time-
mean loss. Thus the ‘critical’ spike height at which loss starts to rise must be determined. One 
leading edge that is known to have a detrimental effect on profile loss is the circular arc leading 
edge with a 15° wedge angle. At design incidence, iinlet = -2.9°, this has a spike height five times 
greater than the elliptical leading edge (circular arc Dspike = 0.21, elliptical Dspike = 0.038). Tests 
performed with this leading edge by Wheeler et al. (2009) showed that with the circular leading 
edge, the trailing edge energy thickness was 32% greater than with the elliptical leading edge. The 
time resolved transition process for the circular leading edge is shown in Figure 7-10. The figure is 
plotted in the same way as Figure 7-3 except that regions of separation, where H>3, are marked in 
black. The threshold H>3 was chosen to indicate separation because the results are revolution 
ensemble averaged and this process was found to slightly reduce the indicated value of H at which 
separation occurs.  
The figure shows that, both in, and between wakes, the spike causes a laminar separation 
close to the leading edge. Downstream of the separation the intermittency is close to one, indicating 
that the boundary layer reattached turbulent. Between wakes, over the region 0.1<s/s0<0.2, the 
intermittency is observed to drop. A similar phenomenon was observed by Henderson and Walker 
(2010) who concluded that it was caused by relaminarisation. It is interesting to note that the 
transition is far from time steady, with the turbulent wake induced path not relaminarising and 
inducing a weak calmed region.  
 
 
Figure 7-10: Circular LE: Space-time diagram of suction surface intermittency & separation 
bubble, iinlet = -2.9°. 
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In Wheeler et al. (2009) a lower intermittency in the reattaching boundary layer was 
reported, indicating laminar reattachment. Despite the difference reported in the bubble 
reattachment, there was a noticeable increase in time-mean, trailing edge, energy thickness between 
the circular and elliptical leading edges in both surveys. The magnitude of jump reported was 
different though; Wheeler et al. (2009) reported a 32% jump, whilst this research suggests a 42% 
jump. 
7.3.1 Loss generation due to leading edge transition 
The increase in loss caused by leading edge transition originates from three sources, the loss 
associated with the leading edge separation bubble reattaching, the increase in turbulent wetted area 
between wake interactions and a small contribution from the increased peak spike velocity 
increasing dissipation in the laminar boundary layer; these processes are shown schematically in 
Figure 7-11. 
 
 
Figure 7-11: Schematic of loss mechanisms that change when transition jumps to the leading edge. 
 
To quantify the effect that each of these has MISES was used to track the entropy generation 
through the boundary layer. The entropy generated in an incompressible, adiabatic boundary layer 
between the leading edge and any location can be determined by considering the local energy 
thickness and the boundary layer edge velocity using Equation 7-i from Denton (1993).The rate of 
entropy generation at a specific location can thus be found by differentiating with respect to surface 
length (See Equation 7-ii). 
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Figure 7-12 shows plots of normalised entropy generation on the both surfaces at design 
incidence for the elliptical and circular leading edges. The lower plot shows the total entropy 
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generated, using Equation 7-i, the upper plot shows the rate of generation at each surface location, 
from Equation 7-ii. These figures can be thought of as the generated loss and the rate of loss 
generation respectively. 
The figures show that the change in transition process causes the greatest increase in loss on 
the suction surface; 77% of the increase occurs here and only 23% on the pressure surface. The 
greatest contribution to the increase in loss comes from the change in the turbulent wetted area; 
75% of the increase in profile loss is generated through this mechanism (69% on the suction 
surface and 6% from the pressure surface). The second greatest effect comes from the mixing loss 
associated with the bubble reattachment; responsible for 25% of the increase (10% on the suction 
surface and 15% from the pressure surface). Only 8% of the increase is generated by the laminar 
boundary layer passing over a higher velocity spike. It is worth noting that the three mechanisms 
sum beyond 100% because 8% of the increase in profile loss is recouped by a lower loss in the 
subsequently thicker turbulent boundary layers on both surfaces. 
 
 
Figure 7-12: The effect of leading edge geometry on the generation of suction surface profile loss 
at design incidence (iinlet = -2.9°), calculated using MISES. 
 
These percentages are not universal and will differ depending on blade design and inlet flow 
conditions, but for most leading edges around design incidence the increase in loss comes primarily 
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from an increase in turbulent wetted area. Away from design incidence this will change and the 
increase in spike diffusion will increase the bubble size and thus bubble loss. At moderate 
incidences (~iinlet = 0° on this blade) this mechanism begins to dominate. The effect of incidence on 
the relative weighting of loss mechanisms is discussed further in Chapter 9. 
7.3.2 The effect of spike height on loss 
The question that now needs to be asked is how the trailing edge energy thickness on the 
suction surface changes as the spike diffusion factor is systematically raised. This is answered both 
computationally and experimentally. In order to change the spike diffusion factor, the ellipse ratio 
of the leading edge was systematically changed whilst the wedge angle with which the leading 
edge joins the blade was held constant, at 15°. Ten single blades with different ellipse ratios were 
then manufactured and tested. The surface roughness was maintained constant between tests and 
below that obtained by the best micro polishing on real compressor blades. Figure 7-13 shows a 
plot of spike diffusion factor against trailing edge energy thickness measured at design incidence. 
The spike diffusion factor is calculated using a panel method. Both the computational and 
experimental time mean values of suction surface trailing edge energy thickness are shown. 
The computational results show a clear positive step in loss at a spike height of Dspike ≈ 0.15. 
This is caused by the onset of laminar separation increasing the profile loss as described above. 
 
 
Figure 7-13: Effect of spike diffusion factor on trailing edge energy thickness, iinlet = -2.9°. Spike 
height varied by changing the LE ellipse semi-axis ratio. 
 
The experimental results also show a clear positive step in loss at a spike height of Dspike ≈ 
0.15.  Below this critical spike height the loss is relatively constant. This constant value is 
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surprising as it would be expected that the positive incidence imposed by the wake on the leading 
edge (+18°) would raise the spike height and thus cause premature leading edge separation. An 
unsteady numerical simulation was undertaken with the experimentally measured wakes as inlet 
conditions, similar to that reported by Wheeler & Miller (2008). It predicted wake induced 
separation at the leading edge should occur when Dspike ≈ 0.07.  It was expected that this should 
cause a rise in profile loss, however, Figure 7-13 shows that only a small rise in loss occurs 
between Dspike = 0 and 0.15. 
The size of the step increase in loss differs between experiment and computation. In the 
experiment the trailing edge energy thickness rises by 30%, whilst in MISES the step is only 22%. 
The fact that MISES under predicts the size of the step is surprising; this is because MISES 
predicts a turbulent boundary layer over the whole suction surface, whilst the experiment, shown in 
Figure 7-10 shows that the boundary layer starts to relaminarise. It is thought that this change is 
due to boundary layer becoming more three dimensional in the experiments when transition moves 
to the leading edge. 
The reason for the jump in loss can be inferred from Figure 7-14. This shows the trailing 
edge energy thickness for the two blades either side of the step rise in loss (ellipse ratio 1.4 and 
1.2). For the case with the smaller spike (ellipse ratio = 1.4) the trailing edge energy thickness is of 
the form seen in Figure 7-14. With the larger spike (ellipse ratio = 1.4) there is a rise in the energy 
thickness between wakes. This is the result of an increase in turbulent wetted area caused by early 
spike induced transition.  
 
 
Figure 7-14: Comparison of measured trailing edge energy thickness between blades with ellipse 
ratios 1.2 & 1.4 from Figure 7-13, iinlet = -2.9°. 
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To calculate the effect this change has on stage efficiency, a 30% rise in suction surface 
profile loss was applied to a rotor and stator in a 50% reaction compressor. Using this assumption 
the increase in entropy generation would be the same on both rows and could be linked to the 
profile loss in an incompressible flow using Equation 7-iii. The efficiency of the stage could then 
be related to the total entropy generation using Equation 7-iv. 
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By assuming a repeating stage condition and constant axial velocity through the stage, it can 
be shown, using a velocity triangle argument, that the stage efficiency can be equated to the flow 
coefficient, the stage work coefficient and the absolute flow angle at stator inlet using Equation 7-v. 
The change in efficiency with respect to profile loss can then be found by differentiation, as shown 
in Equation 7-vi. This analysis predicts a 1.2% reduction in stage efficiency. 
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Finally it is worth noting that as incidence increases, the critical ellipse ratio above which the 
leading edge remains attached, and thus loss remains low, will change. At design incidence, iinlet =    
-2.9°, an ellipse ratio greater than 1.4 was required; near stall, iinlet = 0.6°, it was found that an 
ellipse ratio of 2.2 or greater was required. 
7.4 A criterion for leading edge quality 
The fact that, below a critical spike diffusion factor, blade loss is relatively independent of 
spike height suggests the possibility of an empirical criterion. In essence this should be a criterion 
that indicates the onset of a leading edge separation between wake interactions. Such a criterion 
could be used in the design process to check design intent and also on the production line or during 
in-service inspection as a way of rejecting or accepting real leading edges. The ultimate aim of 
engine companies should then be to ensure that for all blades, over their operating incidence range, 
the metric is kept well below the critical threshold. 
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If the aim of an engineer is simply automated rejection or acceptance of a blade on a 
production line then a criterion is not required, laminar boundary layer separation can be easily 
predicted. Such predictions could be either undertaken numerically, by a code such as MISES, or 
by using a number of approximate methods e.g. Thwaites (1949), Trunkenbrodt (1956) or Stratford 
(1954).   
The more desirable aim though, is a metric for leading edge quality that could give a 
physical measure of how close to separation the leading edge was. To be practically useful this 
must also be easily, accurately and uniquely determined from a specified blade geometry. A 
possible candidate for a metric is the peak Stratford (1954) parameter over the spike, calculated 
from the inviscid pressure distribution. At a critical value of 0.0104, for less steep pressure 
gradients, and 0.00764, for steeper pressure gradients, the parameter indicates separation. The 
problem with Stratford’s parameter is that it is not easily calculated and in practice is very sensitive 
to local pressure gradient and thus also to the method of calculation. 
One metric that is less sensitive and can be used to predict separation is the spike diffusion 
factor, a measure of the magnitude of spike diffusion. Separation, however, is not only dependant 
on the magnitude of diffusion, but also its local gradient, i.e. the shape of the spike. This section 
will examine whether the spike diffusion factor alone can be used as a metric for leading edge 
quality or whether it is necessary to include a second parameter to account for shape. 
To determine how accurately spike diffusion factor predicts leading edge separation, three 
very different design philosophies of leading edge were investigated, both at design and at high 
incidence. The first two design philosophies are in common use, the third is not. The first is a 
circular leading edge where the spike height is controlled by the wedge angle onto the circle; this 
has a large leading edge curvature discontinuity. The second is an elliptical leading edge where the 
wedge angle is fixed and the spike height is controlled by the ellipse ratio; this has a small 
curvature discontinuity. The third is a leading edge designed in the transformed space, described in 
the previous chapter. In this space leading edges were produced with no curvature discontinuity and 
spike height was changed by varying the initial leading edge radius of curvature. It should be noted 
that both leading edges with and without curvature discontinuities can have leading edge spikes. 
MISES was run on each of the leading edges at both design, (iinlet = -2.9) and high incidence, 
(iinlet = 0.6). MISES was used because it accurately predicts the point of laminar separation and thus 
the critical spike height. The results are shown in Figure 7-15. The figure indicates two important 
points. Firstly, that the variations of spike shape cause a spread of 0.08 in the critical spike 
diffusion factor. Secondly, that as long as spike diffusion factors are kept below 0.1, leading edge 
separation is avoided, thus ensuring that profile loss is independent of leading edge geometry. An 
engineer who wished to determine how the relative quality of a leading edge varied over the blade 
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incidence range could plot Dspike against incidence and compare the values to the critical threshold 
of 0.1. 
 
 
Figure 7-15: The effect of spike diffusion factor on suction surface transition location with 3 LE 
design philosophies, calculated using MISES. 
 
 
Figure 7-16: Critical leading edges with different design philosophies, Geometries and leading 
edge surface pressure coefficients, iinlet = 0.6°. 
 
Three geometries of leading edge have been designed which just remain attached over their 
entire incidence range.  The aim of these designs is to give the reader an idea of leading edge 
geometries which are on the edge of the acceptable design space. The designs and their pressure 
distributions are shown in Figure 7-16. The pressure distributions show the effect of design 
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philosophy on the shape of the spike. Comparing the three leading edges shows that the continuous 
curvature leading edge is the best, allowing a leading edge thickness 4% and 3% greater than the 
elliptical and circular leading edges respectively. These values are for 0.4tLE along the camberline. 
7.5 Conclusions 
The spikes on compressor blade leading edges have been shown to be detrimental, only, if 
they cause separation between incoming wakes. A metric, spike diffusion, Dspike, has been proposed 
which shows how close a leading edge is to causing separation. This metric is useful as it allows 
designers to rank the quality of leading edges. A simple empirical criterion for determining flow 
separation has been developed using a range of leading edge design philosophies and incidences. It 
is shown that the spike diffusion factor should be kept below 0.1 (i.e. Dspike<0.1).  The penalty for 
exceeding this is ~30% rise in suction surface profile loss which is equivalent to ~1.2% reduction 
in stage efficiency. 
At spike diffusion factors below 0.1, the size of the spike still has a significant effect on the 
unsteady transition process. With a small spike, wake induced transition occurs near the leading 
edge, whilst the strong associated calmed region delays transition between wakes. With no spike, 
wake induced transition is delayed beyond peak suction, but the weaker calmed region results in 
earlier transition between wakes. Both the small spike and zero spike cases had equivalent loss. 
This result was consistent over the operating range of the compressor tested. It should be noted that 
forward or rear loading of blades may unbalance this mechanism. 
By removing one upstream wake it was shown that the presence of incoming wakes have no 
net detrimental effect on stage performance. 
Even with the design intent of minimising spike diffusion, manufacturing deviations and 
erosion will in practice result in spikes occurring. To avoid the detrimental effects of these spikes 
an automated blade inspection system could be designed, with the aim of choosing when to either 
reject or re-profile a leading edge. Such a system would measure the blade geometry and then 
either, run an inviscid solver at design and max incidence calculating how close the spike diffusion 
factor is to the critical value, or simply runs MISES and identify whether separation occurs. 
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Figure 7-17: Space-time diagrams of intermittency with three leading edges at five inlet incidences. 
Rec = 2.8 x 105, M = 0.1. 
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Figure 7-18: Space-time diagrams of intermittency with three leading edges at five inlet incidences 
with an upstream rotor blade removed. Rec = 2.8 x 105, M = 0.1. 
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Chapter 8  
The impact of spikes on three-dimensional 
separations 
The work presented so far has only considered the effect that the leading edge may have on 
the two-dimensional flow over the blade. In this Chapter the effect that it may have on the three-
dimensional flow close to the endwalls will be considered. 
The flow in this region becomes three-dimensional because of an interaction between the 
suction surface boundary layer and the overturning endwall boundary layer; Cumpsty (2010) notes 
that due to this interaction, “some separation in the endwall-blade corner seems inescapable”. For 
well designed blade-rows these separations can be relatively small and benign, however, as loading 
or incidence is increased, their size and thus deleterious effect can increase significantly. In practice 
it is these separations which limit the total blade loading by their impact on loss, blockage and 
deviation. 
In this chapter the leading edge geometry close to the endwalls is shown to affect the size of 
these three-dimensional separations; it does this because the three-dimensional separations are 
sensitive to the development of the early suction surface boundary layer. This is demonstrated 
experimentally in the first part of the chapter by considering two leading edge geometries: one 
where the flow separates at the leading edge and reattaches turbulent; and the other where the flow 
remains attached at the leading edge and laminar over the early suction surface. 
The second part of the chapter considers whether changing other small geometric details may 
also have an equivalent effect. The geometric details considered, surface roughness, leading edge 
fillet geometry and blade fillet geometry, were chosen because these have the potential to either 
change the development of the suction surface boundary layer or the way that it interacts with the 
overturning endwall boundary layer. These geometric details are also of interest to designers 
because they are likely to vary, either due to detailed design choices, deviations in manufacture or 
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through in-service erosion. A schematic of the geometries under consideration is shown in Figure 
8-1. 
The final part of the chapter considers whether the conclusions made in the low speed 
experimental tests are applicable to real engine blades. 
 
 
Figure 8-1: Geometries considered in the second part of the chapter. 
8.1 The effect of leading edge geometry 
In this section the effect of leading edge geometry on three-dimensional separations is 
investigated. Two leading edge geometries are considered: The first, a circular arc is characteristic 
of a leading edge that separates; the second, a 3:1 elliptical leading edge, is characteristic of a 
leading edge that has attached flow. In this section the effect that this change has on the size and 
thus deleterious effect of three-dimensional separations will be investigated. 
Following an explanation of the experimental methodology, this section is split into three 
parts: The first investigates the effect that changing the leading edge has; the second investigates 
which spanwise regions of the leading edge are most critical to capture the effect; and finally the 
effects of incoming wakes close to the endwalls are investigated.  
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8.1.1 Methodology 
The aim of the testing was to allow multiple tests with many different geometries/setups 
whilst maintaining experimental accuracy. These two objectives are mutually exclusive: The most 
accurate method is to change all stator blades for each test, this is expensive and time consuming; 
the quickest method is to change one stator, but this is likely to be inaccurate. A compromise was 
therefore adopted and five adjacent stators were modified with the new leading edge in the 
Deverson compressor; measurements were performed on the central blade. 
To test whether this compromise was acceptable, the spanwise extents of the hub-separations 
for all five blades in the cascade were determined. A blade with a circular leading edge was used 
because the resultant separation was most different compared to the original, attached, Deverson 
leading edge. The results are shown in Figure 8-2 which, firstly, shows that the size of the 
separation is larger with the circular leading edge than for the elliptical leading edge and, secondly, 
that the spanwise extent of the separation changes through the cascade. The separations change size 
because the increasing blockage, from the increasingly large separations, causes the flow to 
redistribute around the blades. This results in larger separations for blades above the central blade’s 
suction surface and smaller separations for those above its pressure surface. The results show that 
whilst initially the changes in separation size are large (for blades -2 and -1), the trend begins to 
flatten off for the later blades. This implies that the relative changes in separation size between 
leading edges should correctly demonstrate trends; however, because the line is not flat, absolute 
values of loss and separation size should be treated purely as a guide. 
 
 
Figure 8-2: Measured variation of separation size through the five blade cascade with a circular 
leading edge, φ = 0.51, rfill/c = 4.8%. 
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In the tests, only the effect of leading edge geometry on the hub separation was quantified 
because the largest effect was observed here. Smaller but significant changes in the casing 
separation were also observed and can be seen in Figure 8-3 and Figure 8-4 but are not reported 
further. 
The size, and thus deleterious effect of the hub separation, was quantified using two 
methods. The first was the hub loss, defined as the loss generated in the 25% of mass flow closest 
to the hub. This was a time mean quantity calculated using five-hole probe traverses of the time 
mean stator inlet and exit flow fields. The 25% limit was used because it incorporated the loss 
generated in the hub separation in all cases. The second metric was the maximum spanwise extent 
of the separation onto the suction surface; this was measured as a fraction of span and was 
determined using surface flow visualisation. 
8.1.2 The effect of leading edge transition 
The effect of leading edge transition on loss can be seen in Figure 8-3. This shows traverses 
of stagnation pressure coefficient with both leading edges; surface flow visualisation is shown in 
Figure 8-4. Leading edge transition had two effects: Firstly it increased the profile loss, as 
demonstrated in the previous chapter, seen as a thickening and deepening of the midheight wake; 
secondly it increased the hub loss, seen as an increase in the size of the loss core at the hub. This 
increase in hub loss occurred because of a large increase in the size of the hub separation which can 
be seen in Figure 8-4. The effect of increasing the size of the separation was to increase hub loss by 
99% (Circle ω0-25 = 2.5%, Ellipse ω0-25 = 1.3%); the total passage loss increased by 41% (Circle ω0-
100 = 6.2%, Ellipse ω0-100 = 4.4%). 
To confirm that this change in the hub separation was caused by a change in the transition 
process, hotwire boundary layer traverses were performed just downstream of the leading edge (s/s0 
= 9%) at two locations close to the hub (5% & 10% of span from the hub). The first of these is 
located within the skewed region of the hub-endwall boundary layer, the second is just outside 
(Details of the hub boundary layer are given in Figure 3-3; the skewed boundary layer exists over 
the first 5% of span). Figure 8-5 shows the peak boundary layer intermittency for both locations 
with both leading edges (Intermittency gives the fraction of time the boundary layer is turbulent). A 
schematic of the hotwire location is also shown. 
The results show that changing the leading edge changes the intermittency, and thus the 
transition process. With the circular leading edge the flow is almost fully turbulent indicating that 
transition did indeed occur at the leading edge. This is backed up by careful inspection of Figure 
8-4 where a separation bubble can be seen at the leading edge. With the elliptical leading edge such 
a separation is not visible and the plot of intermittency shows that the early suction surface 
boundary layer close to the hub is periodically laminar. This indicates a similar wake-induced 
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transition process to that at midheight, as plotted in Figure 7-3. The results with the elliptical 
leading edge at 5% span also show that this periodically laminar flow can exist within the turbulent 
hub boundary layer. 
  
 
Figure 8-3: Experimental stagnation pressure loss coefficient, downstream of stators, φ = 0.51, 
rfill/c = 4.8%. 
 
 
Figure 8-4: Suction surface flow visualization at design conditions, φ = 0.51, rfill/c = 4.8%. 
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Figure 8-5: Comparison of leading edge boundary layer state at two spanwise locations close to 
the hub with two leading edges (s/s0 = 0.1, 5% & 10% of span): φ = 0.51, rfill/c = 4.8%. 
 
With a distinct change in transition process confirmed, the possibility is raised of using CFD 
with a point transition model to predict this effect. The code used to do this was the three-
dimensional flow solver T-BLOCK which was run steady with a mixing length turbulence model. 
More details of the code, including details of the mesh used are given in Chapter 4. The location of 
point transition was fixed in time and its location was determined using MISES, run at blade 
midheight. This simple transition model was used, rather than a more complex one, because it 
allowed insight into the effect of transition and, if successful, would be relatively simple to 
implement into a design system. The assumption made of point transition is likely to be fairly 
accurate with the circular leading edge; in this case the transition location is steady throughout the 
wake passing cycle. With the elliptical leading edge it may be less accurate due its periodic 
movement; however as shown in the previous chapter the steady flow transition location is 
approximately half way between the wake-induced transition location and the transition location 
between wakes. Thus the approximation may still be valid. 
A direct comparison of Figure 8-3 is shown for the CFD in Figure 8-6. This demonstrates 
that the point transition model is able to capture the effect of having different leading edges. In the 
CFD, using a circular leading edge increased the total loss by 72% (Circle ω0-100 = 6.5%, Ellipse 
ω0-100 = 3.8%) compared to 41% in the experiment. This was higher because the CFD with the 
elliptical leading edge under-predicted the profile loss. The hub loss increased by 95% (Circle ω0-25 
= 2.5%, Ellipse ω0-25 = 1.3%) compared to 99% in the experiment; this is very similar. To check 
that the effect was due to transition and not leading edge geometry, fully turbulent boundary layers 
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were specified with an elliptical leading edge. This resulted in the same loss as with a circular 
leading edge. 
 
Circular LE Elliptical LE
0-100 = 6.5% 0-100 = 3.8%
0-25 = 2.5% 0-25 = 1.3%
0 0.2 0.4 0.6
Stagnation Pressure
Coefficient (p - p )/(p - p )01 02 01 1
25% mass flow limit: Used for
calculation of hub loss ( )0-25
 
Figure 8-6: CFD stagnation pressure loss coefficient, downstream of stators, φ = 0.51, rfill/c = 
4.8%. 
 
The CFD was run at five inlet incidences over the operating range of the compressor. 
Predictions of the hub loss are shown in Figure 8-7. Experimental points are shown at design 
incidence (φ = 0.51) and near stall (φ = 0.45). At design incidence, as already described, the CFD 
and the experiment are in good agreement. Near stall, however, the CFD under predicts the size of 
the hub separation and thus the hub loss. Perhaps more interesting from a design point of view is 
the fact that the difference in hub loss between the two leading edges is well predicted at both 
incidences tested. The CFD shows that this difference is fairly constant for flow coefficients less 
than 0.49. At higher flow coefficients the hub loss with the elliptical leading edge becomes 
independent of flow coefficient whilst the hub loss with the circular leading edge carries on 
reducing. The reason for the flattening out with the elliptical leading edge is because the hub 
separation no longer exhibits flow reversal at these conditions; thus the separation becomes benign 
and no longer detrimental. 
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Figure 8-7: Hub loss against flow coefficient, CFD and Experiments, rfill/c = 4.8%. 
 
8.1.3 Leading edge variations along span 
The tests reported above have shown that the hub separation grows when transition jumps to 
the leading edge over the whole span. They do not, however, show the region of the span which is 
most critical to this mechanism. This question is particularly important for blade manufacturers 
who have to machine the leading edges carefully, but, will find it difficult to get the machining tool 
into the corner where the leading edge meets the blade platform. It is therefore of interest to know 
whether small deviations to the leading edge just at the hub will cause a similar change to the hub-
separation as when the whole leading edge is changed. 
To determine this, a part-span tripwire was placed along the elliptical leading edge (s/s0 = 
8%); the tripwire was designed to emulate the circular leading edge. The wire diameter used was 
4.6 times the local momentum thickness; this wire diameter was the closest available to the trip-
height that would generate the equivalent increase in boundary layer momentum thickness as the 
separation bubble on a circular leading edge (calculated using Preston tube theory (Goldstein 
(1983) {pp. 565-569})). The fact it was slightly larger (by around 40%) increased the size of the 
hub separation relative to a circular leading edge. The tripwire started at the hub and its extent 
along the leading edge was varied. The spanwise extent of the separation for each case is shown in 
Figure 8-8. 
There are three key findings from the tests. Firstly the smallest length of trip, ~5% of span, 
had no effect on the hub separation; the length of this tripwire is equivalent to the thickness of the 
skewed region of the incoming hub boundary layer. Secondly, at large spanwise extents, >35% of 
span, the size of the hub separation becomes insensitive to trip length. Finally there is a region 
where the trip is between 5% and 35% of span where the hub separation is dependent on the trip 
length. Thus it can be concluded that the hub separation is not sensitive to the whole leading edge 
and the objective of a blade manufacturer aiming to minimise the effect of three-dimensional 
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separations should be to ensure that the leading edge does not deviate excessively over the first 
35% of span. Small deviations close to the fillet are tolerable. 
 
 
 
Figure 8-8: Measured effect of a LE trip on the spanwise extent of the hub separation, φ = 0.51, 
Elliptical LE, rfill/c = 4.8%. 
 
8.1.4 Effect of an incoming wake on the hub separation 
The fact that a change in point transition changes the size of the hub separation raises 
another question; that is whether the periodic movement of transition, caused by incoming wakes, 
can cause a periodic change in the size of the hub separation. In Figure 7-3 it was shown that with 
the elliptical leading edge wake-induced transition occurs close to the leading edge, but transition 
between wakes may occur as far downstream as 80% s/s0. This is only likely to cause an unsteady 
change in the size of the hub separation if the timescale of the growth of the separation is less than 
or equal to the timescale of wake passing. 
To determine the timescale of the growth of the separation, a mechanism was manufactured 
that could instantaneously either trip or un-trip the early suction surface boundary layer close to the 
hub; the mechanism is shown schematically in Figure 8-9. The trip extended over 20% of span 
from the hub and when off was flush with the suction surface allowing laminar flow and thus a 
benign hub-separation in which there was no flow reversal; thus when smoke was injected at the 
trailing edge, it was advected downstream and did not diffuse into the separation. When the trip 
was turned on, however, the early suction surface boundary layer became turbulent and the size of 
the separation grew. As this occurred flow began to reverse (as seen in the surface flow 
visualisation in Figure 8-4) and the smoke injected at the trailing edge was entrained to fill the 
separation. Still photos of the two cases, one with the trip on and the other with it off are shown in 
Figure 8-10. 
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Figure 8-9: Setup of smoke visualization experiment. 
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Figure 8-10: Still images of smoke visualisation; demonstration of the extent of the smoke with the 
trip on and the trip off. Field of view is indicated in Figure 8-9. 
 
The concentration of smoke was detected qualitatively using a high speed camera mounted 
to look from the casing to the hub. Images were captured at a frequency 1.7 times lower than that 
of blade passing: This frequency was limited by light levels within the passage. 
The extent of the smoke in the separation was quantified for each image by comparing it 
relative to a datum image with no smoke in the separation. For each pixel, the difference in light 
intensity between the two images was recorded. The final result was smoothed by passing a two 
dimensional window over the data. This considered a square of 30x30 pixels around each point. If 
most the pixels suggested smoke was present then smoke was said to be present at this point and 
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vice versa. This method was used to remove erroneous pixels and was able to produce clear regions 
where the smoke existed. 
The results, shown in Figure 8-11, present the contours of the extent of the hub separation 
for the different images taken. As the separation grows the extent of smoke recorded in each image 
increases. It can be seen to take around 10 blade passing periods to reach 90% of full size. This 
shows that the timescale for the growth of the separation is an order of magnitude greater than the 
blade passing period and implies that incoming wakes should not cause pulsing of the size of the 
hub separation. It is worth noting that a similar timescale was recorded for the decay of the 
separation when the trip was turned off. This provides confidence that the true growth of the 
separation is being measured and not a turbulent diffusion timescale of the smoke. 
 
 
Figure 8-11: Smoke-visualization: Growth with time of hub separation, φ = 0.51. 
 
8.2 The effect of other real geometries 
It has thus been shown that the leading edge geometry close to the hub has a large effect on 
the size and thus detrimental effect of a hub separation. This raises the question of whether other 
small changes to geometric details in the region close to the hub may also affect the size of the hub 
separation and thus loss. In this section the particular geometries investigated are the leading edge 
roughness, the leading edge fillet geometry and the blade fillet geometry. These are shown 
schematically in Figure 8-1. 
These geometric details have been chosen: firstly, because they are rarely fixed and often 
change, either through choices made in the design process, deviations in manufacture or through in-
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service erosion; and secondly they are likely to change either the development of the suction 
surface boundary layer, or the way the overturning endwall boundary layer interacts with the 
suction surface boundary layer. Changes in both these mechanisms could potentially change the 
development of three-dimensional separations.  
8.2.1 Surface roughness 
If leading edge geometry can affect the hub separation by changing the transition process, 
then surface roughness, in the leading edge region, may also have the same effect if it too initiates 
premature transition.  
Gbadebo et al. (2004) performed tests with very high levels of roughness (Rek = 56), applied 
on the early suction surface near the endwalls. They observed a dramatic increase in the size of the 
three-dimensional separation; the result was a 5% reduction in pressure rise coefficient. They 
commented that this change was due to the effect that roughness has on the skin-friction coefficient 
and did not consider the effect that it may have on transition. In this section the effect that 
roughness may have on transition is investigated. 
In order to apply engine representative roughness levels to the low speed stator in the 
experimental rig, the roughness was scaled to ensure that the Reynolds number based on roughness 
height and inlet velocity, Rek, were correct. This resulted in absolute roughness levels around eight 
times greater than on engine blades. Engine representative roughness levels were selected by using 
the observations of Brendal et al. (2008). They observed that newly manufactured blades typically 
had a surface roughness of around 0.25µm (Rek = 4.3); this rose to around 2µm (Rek = 34) after 
4000 cycles. For comparison the tests reported so far in this thesis have equivalent surface finishes 
much smoother than the best achieved on real blades (k < 1µm, Rek < 2). Ideally Brendal’s 
measurements would have been taken close to the leading edge; but the high curvature makes this 
difficult. Instead they measured the roughness on the pressure side in the trailing edge area of the 
blade tip; whilst not ideal, this is likely to be reasonably representative of the leading edge region, 
particularly on the pressure surface, because both will be exposed to impact by high momentum 
ballistic particles. Information about real leading edge roughness, however, would be useful, 
particularly on the suction surface around the leading edge. 
To emulate the roughness levels measured by Brendal et al. (2008) sand grain roughness was 
used employing the correlation of Koch & Smith (1976) to select the size. The first roughness 
height, characteristic of a newly manufactured blade was k = 2µm (Rek = 4.3); the second, 
characteristic of 4000 engine cycles was k = 16µm (Rek = 34). The grains were applied using a 
spray on adhesive and the roughness level was checked using a contacting stylus profilometer. The 
roughness was applied just over the leading edge close to the hub (from s/s0 = 3% on the pressure 
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surface to s/s0 = 8% on the suction surface and from the hub to 20% of span). In this region, with 
the greatest roughness level (Rek = 34), the peak to peak amplitude of the roughness is 
approximately equal to the boundary layer momentum thickness.  
The effect of roughness on the size of the hub separation is shown in Figure 8-12 for the two 
roughness levels and the baseline case with no applied roughness. This highlights two key points: 
The first is that the lower roughness level, characteristic of a new blade, had little effect on the size 
of the hub separation. The second is that the greater roughness level, characteristic of an in-service 
blade, caused a significant effect with both leading edges. In particular, with the elliptical leading 
edge, the spanwise extent of the hub separation became comparable to the smooth circular leading 
edge case. 
 
As new
roughness
= 4.3Rek
4000 Cycle
roughness
= 34Rek
Elliptical Circular
0
20
40
60
S
p
a
n
w
is
e
e
x
te
n
t
o
f
h
u
b
s
e
p
a
ra
ti
o
n
(
%
)
p
/s
No
Roughness
< 2Rek
20% span 8% surface
length
HU
B
Roughness extent
 
Figure 8-12: The effect of leading edge roughness height on the spanwise extent of the hub 
separation, φ = 0.51, rfill/c = 4.8%.  
 
A comparison of loss with a smooth elliptical leading edge to one that has roughness 
equivalent to 4000 cycles is shown in Figure 8-13. The effect of this small addition of roughness, 
over less than 1% of the blades total surface area, represented an almost three fold increase in hub 
loss (Smooth surface ω0-25 = 1.3%, 4000 cycle roughness ω0-25 = 3.6%). 
Also shown in Figure 8-13 is the effect of roughness on the spikeless leading edge that was 
presented in Chapter 6. In this case the same extent and height of roughness was used, but because 
there was no spike in the surface pressure distribution the hub loss was reduced to 3%. The cause 
of this is a change in the way the boundary layer developed over the rough surface. The boundary 
layer intermittency and energy thickness on the early suction surface (s/s0 = 10%) close to the hub 
(10% of span) are shown in Figure 8-14. This shows that with a small spike the boundary layer 
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became fully turbulent. By removing the spike some regions of laminar flow were seen, (similar to 
the circular leading edge case shown in Chapter 7). This change resulted in the time resolved 
energy thickness being 13% lower, resulting in a smaller hub separation. 
 
 
Figure 8-13: The measured effect of surface roughness on a LE close to the hub. (Rek = 34, extent: 
to s/s0 =8% and r/h = 20), φ = 0.51, rfill/c = 4.8%. 
 
 
Figure 8-14: The measured effect of a small spike on a roughened leading edge (Rek = 34, extent: 
to s/s0 =8% and r/h = 20%), φ = 0.51, rfill/c = 4.8%. 
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A smaller, but measurable increase in the spanwise extent of the separation was observed 
when the streamwise extent of roughness was increased to just upstream of peak suction (s/s0 = 
20%). This additional growth was caused by the thickening of the boundary layer as observed by 
Gbadebo et al. (2004). 
8.2.2 Leading edge fillet 
The region where the fillet joins the leading edge is of interest because here both the leading 
edge and fillet geometry often deviate from the ideal. In practice design constraints on the blade 
platform encourage the designer to remove or ‘cut away’ the leading edge fillet. Additionally 
during manufacture the platform may impede the tool used for profiling the leading edge. This 
tends to result in a leading edge fillet that may be much blunter than the design intent. 
The tests with the leading edge trip, shown in Figure 8-8, indicated that the hub separation 
was independent of the leading edge geometry over the first 5% of span. This suggests that the 
leading edge fillet geometry may similarly have no effect. To investigate this, two leading edge 
fillet geometries were tested with the largest fillet radius (rfill/h = 10%) around an elliptical leading 
edge. The first fillet was a baseline with a constant radius fillet; the second had a fillet that was cut 
away perpendicular to the axial direction as close to the leading edge as possible, this is shown in 
Figure 8-15.  
 
Figure 8-15: Flow visualization showing the effect of a cut off fillet, elliptical leading edge, φ = 
0.51, rfill/c = 10%. 
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The flow visualizations for both cases are also shown in Figure 8-15. This shows that the 
size of the separation does not change. This test was repeated with a smaller fillet radius (rfill/h = 
4.8%); the same result was observed. In both cases hub loss was measured and the difference was 
found to be within experimental accuracy (Baseline ω0-25 = 1.3%, Cut away ω0-25 = 1.2%). The 
same result was also found with the circular leading edge: Removing the fillet did not change the 
size of the hub separation. 
8.2.3 Blade fillet 
The final geometric detail being considered, the fillet radius, will not affect the development 
of the suction surface boundary layer, but, it may affect its interaction with the overturned endwall 
flow. The design of fillets in practice will be dependant on the manufacture process: Welded 
stators, for example, often have no fillet at all, whereas conventional stators are often designed with 
large fillets to improve structural integrity. It is therefore of interest to know whether fillets 
increase or decrease the size of the hub separation. 
A series of fillet radii (rfill/c = 0%, 1.6%, 3.2%, 4.8% and 10%) were tested with both circular 
and elliptical leading edges. The effect these different fillet radii had on the size of the hub 
separation is shown in Figure 8-16. The figure shows two distinct regions; blades with a fillet and 
those without. Firstly, when a fillet is present, the spanwise extent of the separation increases at the 
same rate as the spanwise extent of the fillet; secondly, when the fillet is removed completely, the 
spanwise extent of the separation increases.  
 
 
Figure 8-16: Measured effect of fillet radius on the spanwise extent of the hub separation, φ = 0.51. 
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With large fillets the increase in the size of the separation raises the question of whether the 
loss increases or whether the fillet is just displacing the separation further out onto the suction 
surface with no effect on loss. To answer this, the hub loss was measured on an elliptical leading 
edge with standard and large fillets (rfill/c = 4.8% and 10%). Downstream pneumatic probe 
traverses demonstrate that increasing the fillet size reduced the loss by 13% (rfill/c = 4.8%, ω0-25 = 
1.3% and rfill/c = 10%, ω0-25 = 1.1%). It is worth noting that this difference is close to the 
experimental accuracy (±0.1%). It does show, however, that as fillet radii are increased, the rise in 
spanwise extent of the hub separation is simply the result of a radial shift and not an increase in its 
size. It should be noted that this conclusion differs to the findings of Curlett (1991). He suggested 
that increasing the fillet radius increased loss. 
The second observation from Figure 8-16 was that removing the fillet increased the spanwise 
extent of the separation. The impact this has on hub loss is shown in Figure 8-17, at both design 
flow coefficient and near stall.  In all cases removing the fillet was found to increase loss. At design 
flow coefficient with an elliptical leading edge the difference was found to be small. In all other 
cases the impact of removing the fillet was much larger. Whilst the reason for this is unknown, the 
authors observed that in these cases flow reversal in the hub separation occurred. This was 
identified using surface flow visualization.  
 
 
 
Figure 8-17: The measured effect of removing fillets on hub loss. Comparison with two leading 
edges, φ = 0.51 & 0.45. 
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8.2.4 A ranking of endwall effects 
In this section a comparison is made between the sizes of each effect discussed above. The 
aim is to give a designer a feel for the relative importance of each. For each comparison a single 
change is made to the baseline case; this has an elliptical leading edge, smooth surfaces and the 
standard hub fillet radius (rfill/c = 4.8%). The results are shown in Figure 8-18. 
 
 
Figure 8-18: The measured effect of small geometry changes on hub loss.  
 
The plot shows that two geometry changes have a much larger effect on hub loss than the 
others. These are the circular leading edge and leading edge roughness equivalent to 4000 engine 
cycles. Both effects cause suction surface transition to move to the leading edge. The results show 
that the blade fillet is of secondary importance: having large fillets was found to reduce loss, whilst 
having no fillet was found to raise the loss. It is worth noting, however, that for cases with flow 
reversal in the separation the effect on loss was greater. The effect of having a cut away leading 
edge fillet was small, being within the measurement error of 0.1%. 
At this point it is useful to calculate the effect that early transition, on the stator, has on stage 
efficiency using the methods and assumptions used in Section 7.3.2. To do this a 50% reaction 
stage was considered with the elliptical leading edge. Initially the increase in hub loss due to a 
circular leading edge was considered. This was found to cause a 1.1% reduction in stage efficiency. 
If the increase in hub & casing endwall losses and the profile loss were considered then these 
combined would cause a 1.6% reduction in stage efficiency. 
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8.3 The impact on a high-speed blade 
The work in this chapter has shown the impact that small geometric deviations may have on 
the size and thus detrimental effect of the hub separation. It is however important to realize that this 
is only one compressor and even though the change in physical processes such as transition will 
occur on all machines, the effect this has on either the size of the hub or casing separations may 
differ. The aim of this section is therefore to quantify the effect of transition moving to the leading 
edge of an engine representative 3D stator (M = 0.51, Rec = 9x105) that has been designed to have 
small separations. 
Two cases were considered, one with a circular leading edge, the other with a 3:1 elliptical 
leading edge. Changes in both the hub and casing separation were observed. To account for both of 
these the endwall loss was considered as a sum of the two, using the 10% of mass flow closest to 
the hub and the 20% closest to the casing (ω0-10 + ω80-100). The limits of the endwall flows are 
shown as red lines in the downstream cut-planes shown in Figure 8-19. 
 
 
Figure 8-19: Computational stagnation pressure loss coefficients, high speed blade, α1 = 49.6° 
(Near stall). 
 
These cut-planes are taken at the highest incidence considered and indicate that premature 
transition, caused by a circular leading edge, has a significant effect on both the profile loss and 
endwall loss, but that the effect on endwall loss is smaller than seen on the low-speed 2D blade. 
The endwall loss was calculated over a range of incidences, shown in Figure 8-20. This 
shows a small difference at low incidences, when the separation is benign. At higher incidences the 
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tip and then hub separations grow. With a Circular leading edge the onset of this growth occurs at 
an inlet angle 1.5° lower than with an elliptical leading edge. 
 
 
Figure 8-20: Endwall loss on high speed stator against incidence. 
 
The nature of the 3D design means that the leading edge geometry only has a small effect on 
the hub loss at design incidence because the separation remains small. If this increase in endwall 
(hub & casing) loss were applied to just the stator in a 50% reaction compressor then this would 
decrease stage efficiency by 0.1%, this is much lower than seen on the 2D low speed stator. At the 
highest incidence however the impact increases because the separation grows. In this case the 
impact on stage efficiency from the endwall loss would be 0.7%. 
8.4 Conclusions 
Premature transition at the leading edge of a compressor blade has been shown to increase 
the size and thus deleterious effect of the hub separation. This can happen due to degradation of the 
leading edge geometry or roughness characteristic of blades after 4000 engine cycles. The 
consequence of this on the 2D low speed stator was a doubling of hub loss, equivalent to a 1.1% 
reduction in stage efficiency. 
The hub loss is most sensitive to the change in transition process over the first 30% of span, 
imperfections below 5% of span were, however, found to have no effect on the hub separation. 
Thus designers and manufacturers should check leading edge geometry between 5% and 30% span. 
In-service procedures need to be put in place to ensure both leading edge geometry and roughness 
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are controlled; this could be either through periodic checks of the geometry and surface finish or in 
the case of leading edge geometry by hardening this sensitive region around the leading edge. 
Computationally the impact of transition on endwall separations can be modelled relatively 
accurately using a simple specified point transition. This means that it should be relatively easy to 
include in the design system without the need for complex transition models.  
Predictions using engine stators show that with three dimensional blading the consequences 
of leading edge transition are smaller. At design it increased hub loss by 12%; near stall hub loss 
was increased by 42% (equivalent to 0.7% reduction in stage efficiency). These are nonetheless 
still large numbers and imply that designers of modern engines must consider the effect of leading 
edge transition if they are to accurately predict the detrimental effect of endwall separations. 
The effect of fillet radius was found to be of secondary importance. Removing fillets was 
detrimental, increasing hub loss by 18%. This change, however, became even larger if there was 
flow reversal within the separation; the reason for this is not understood. Increasing the fillet radius 
to 10% chord was found to cause a small decrease in hub loss. The geometry of the leading edge 
fillet was found to have no effect on loss, even when it extended out of the hub boundary layer. 
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Chapter 9  
Robust design of a leading edge 
The use of modern manufacturing techniques has allowed improvements in the accuracy and 
thus quality of leading edges being produced on compressor blades. Despite this, the leading edge 
region is still very small, often less than 0.5mm in thickness, and even carefully manufactured 
leading edges can deviate by around 5 - 10% of the leading edge thickness. It is therefore not clear 
whether the aerodynamic optimal, designed in Chapter 6, will still be the best after the leading edge 
has actually been manufactured. This chapter will consider how to design a leading edge that is 
robust to manufacture deviations. 
Conventional wisdom suggests that two methods can be used in order to make a leading edge 
more robust: Firstly it should be blunter, thus reducing the effective size of any geometric 
deviations relative to the radius of curvature at the leading edge; and secondly it should be 
‘drooped’ towards the pressure surface in order to operate at a slightly negative incidence, thus 
protecting the suction surface which is responsible for approximately 75% of profile loss. This 
chapter aims to question this conventional wisdom and highlight the key geometric parameters that 
will make a leading edge robust to manufacture deviations; a schematic to demonstrate both droop 
and bluntness is shown in Figure 9-1.  
 
 
Figure 9-1: Robust design philosophy: Should leading edges be sharp/blunt, drooped/not-drooped? 
   121 
In the first part of the chapter the flow over the baseline leading edge is characterised and the 
key loss mechanisms are highlighted. In the second part the effect of leading edge asymmetry, or 
droop, on these loss mechanisms is investigated; manufacture deviations are ignored. In the final 
part, the effect of manufacture deviations, measured off of real blades, are included. An 
optimisation is performed to determine whether a robust leading edge is sharp/blunt and droop/non-
drooped. All tests are carried out using the MISES CFD code. 
9.1 Baseline, spikeless leading edge 
Throughout this chapter the spikeless leading edge, designed in Chapter 6, is used as the 
baseline. This section aims to characterise the flow over this leading edge when it is attached to a 
datum blade. The key questions that need to be asked are which loss mechanisms dominate at 
design incidence, and which ones cause the failure of the blade at the limits of positive and 
negative incidence. The answers to these questions will allow the effect of small geometric 
changes, such as leading edge asymmetry, or the effect of manufacture deviations, to be better 
understood. 
The datum blade used in this chapter is different to the ones presented earlier in the thesis. It 
is a transonic rotor midheight section (M1 = 0.77, Rec = 6.64x105); a transonic section was used as 
it is characteristic of a large number of blades within a real engine, i.e. subsonic at design incidence 
with strong supersonic patches at extreme positive and negative incidences. With the spikeless 
leading edge, the radius of curvature at the leading edge point is 5.04% of leading edge thickness, 
equivalent to 0.134% of chord.  
Mach number distributions at three different incidences are shown in Figure 9-2(a). With this 
leading edge there is no suction surface spike at any incidence. At the highest incidence shown (6° 
above design incidence) the flow accelerates smoothly to a supersonic rooftop; further downstream 
the supersonic region is terminated by a weak shock. At the lowest incidence (3° below design 
incidence) the spike in the pressure surface becomes large causing acceleration beyond the sonic 
velocity; this region also terminates with a shock. For both high and low incidence cases, the 
characteristic waves are shown in Figure 9-2(b). 
The variation of profile loss with incidence, also know as a ‘loss loop’, is shown in Figure 
9-3. To aid understanding of how small geometric variations can affect its shape, the total loss has 
been broken down into its constituent elements. The elements are represented by four characteristic 
regions on each surface; laminar-attached flow, turbulent-attached flow, turbulent separated flow 
and laminar separation bubbles; separated flow was identified when the skin friction coefficient 
was less than 0. 
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Figure 9-2: Calculated Mach number distributions of baseline blade with a spikeless LE at 3 
incidences. Characteristic waves shown for the high and low incidence cases. 
 
The loss generated in each region was calculated from the associated entropy generation 
within the boundary layer, similar to the method described in Chapter 7. The difference in this 
analysis is that compressibility is important requiring the change in ρuδ3δ3 to be quantified rather 
than uδ3δ3. Also the compressible energy thickness, defined in Equation 9-i was used. 
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(For laminar separation bubbles much of the loss is generated in the turbulent reattaching 
boundary layer. To include this, the bubble loss was calculated as the loss generated over a region, 
starting at the separation point, which was twice the length of the negative skin friction region). In 
addition to the loss generated within the boundary layers there was an additional loss generated in 
the free-stream flow caused by the presence of shock waves. In the figure the shock loss is coloured 
blue, pressure surface loss red and suction surface loss in grey. 
In addition to the spikeless leading edge, two other leading edges have been analysed for 
comparison; these were the traditional circular leading edge and the state of the art 3:1 elliptical 
leading edge, both loss loops are also plotted in Figure 9-3. The overall loss loops for each of these 
are also plotted on top of the loss loop of the spikeless leading edge; this allows a direct 
comparison of total profile loss. 
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The results show that the spikeless leading edge is the best with an incidence range that is 
better than with the elliptical leading edge, which is in turn better than with a circular leading edge. 
At design incidence, where the suction surface profile loss dominates, the baseline and elliptical 
leading edges have approximately equal loss; both have laminar flow to peak suction with a 
subsequent turbulent diffusing boundary layer. It is interesting to note that when incidence is 
increased by just over 2°, the spike on the elliptical leading edge initiates premature transition. The 
effect this has is to reduce the laminar attached loss, but, increase the turbulent attached loss by a 
larger amount; this step increase in loss is marked on the figure and is the mechanism described in 
Chapter 7. 
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Figure 9-3: Calculated breakdown of loss with three leading edges: spikeless, 3:1 elliptical and 
circular. Plots show cumulative values. 
 
At negative incidence all blades failed because of the growth of a laminar separation bubble 
initiated by the pressure surface spike. Thus the spikeless leading edge was the best because it had 
the smallest spike; the circular leading edge was worst because it had the largest spike. 
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At positive incidence a more subtle interaction occurs. With both the baseline and elliptical 
leading edges the flow is laminar over the supersonic region of the suction surface. This laminar 
boundary layer separates due to an interaction with the terminating shock wave and subsequently 
reattaches turbulent. This thickened boundary layer is, however, unable to stay attached and 
separates from the suction surface close to the trailing edge. As incidence is increased the shock 
strength increases, increasing the size and thus loss in the laminar separation bubble; this makes the 
subsequent turbulent boundary layer weaker and the trailing edge separation moves upstream. The 
flow is shown schematically in Figure 9-4. The spikeless leading edge fails later than the elliptical 
because the shock is weaker and further rearward; this means that the resultant separation is smaller 
and the reattaching turbulent boundary layer is healthier. With the circular leading edge, a shock 
buffeting between mid chord and the leading edge spike prevented convergence at higher 
incidences. 
 
 
Figure 9-4: High incidence failure mechanism for the spikeless blade: BL edge Mach number 
compared to the blade with the 3:1 elliptical LE, iinlet = design + 6.5°. 
 
It has thus been shown that at design incidence the key to reducing loss is to maintain 
laminar flow on the suction surface around the leading edge (as in Chapter 7). The negative 
incidence range is limited by a spike induced laminar separation bubble; the positive incidence 
range, if the leading edge does not initiate transition, is limited by a shock induced separation at 
mid-chord that causes the turbulent boundary layer to unzip up the suction surface. In the next 
section it is determined how these failure mechanisms are affected by using asymmetric leading 
edges, and thus whether the incidence range can be improved. 
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9.2 Asymmetric leading edges 
Leading edge asymmetry can be manifested through two methods: The first is movement of 
the camberline at the leading edge, known as droop; the second is by allowing the thickness 
distribution of the pressure and suction surfaces to vary independently. In the first part of this 
section a parametric study is performed to investigate the effect of droop, in the second part an 
optimisation is performed that also allows the introduction of an asymmetric thickness distribution. 
All tests in this section are performed with the design intent geometries; manufacture deviations are 
introduced in Section 9.3. 
9.2.1 The effect of droop 
The drooping of external aerofoils was used on many early biplanes to improve positive 
incidence range and prevent leading edge stall (Smith 1975). This technique has since been 
surpassed by having leading edge slats which can be opened up to ‘pseudo-droop’ the leading edge 
when high-lift is required but, without the penalties associated with significant droop at design 
incidence. Compressor blades, however, cannot have moveable slats due to their small size, raising 
the question of whether leading edge droop can be used to delay failure of the flow over the suction 
surface.  
Droop can be defined as an increase in curvature of the camberline close to the leading edge; 
in this thesis when the leading edge point moves in the direction of the pressure surface it is 
described as positive droop; when it moves towards the suction surface it is described as negative 
droop. Positive has been most commonly used to increase incidence range on subsonic aerofoils 
although negative droop is used for ‘supercritical’ aerofoils in transonic flow. This negative droop 
reduces surface curvature on the early suction surface allowing isentropic recompression and thus 
reducing shock loss (Ramaswamy (1978)). 
The method of parameterisation, chosen to droop the camberline, ensured that its curvature 
remained smooth and either increased or decreased continuously to the leading edge point. This 
method was felt to be physically correct as it represents a smooth change in the loading distribution 
along the camberline. 
Two parameters were selected that were used to modify the curvature distribution of the 
camberline: The first, the extent of droop, was the distance from the leading edge point where the 
curvature could start changing. The second, the magnitude of droop, was the displacement of the 
leading edge point perpendicular to the local camberline; this was achieved by setting the correct 
camberline curvature at the leading edge point. The displacement of the leading edge point was 
allowed to be both positive and negative (thus allowing both positive and negative droop). The new 
curvature distribution was set by joining these two points together with a third order Bézier fit. A 
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simple example is shown in Figure 9-5 which shows a circular arc camberline being drooped 
towards the pressure surface (positive droop). Tests were performed in MISES and the metrics 
obtained were the profile loss at design incidence and the overall incidence range. 
A parametric test was performed where the extent of droop was varied from 2-20% of the 
camberline length; the magnitude of droop was varied between -0.5% and 0.5% of chord (+/- 
18.8%tLE). The resultant effect on incidence range is shown in Figure 9-6. To illustrate key points, 
a number of leading edges have been highlighted and their loss loops and leading edges are shown 
in red and compared to the baseline blade in black. The red line on the surface marks leading edges 
with an incidence range equal to the non-drooped spikeless leading edge. 
 
Distance along camberline ( %)x /xcl cl0
0
Extent of droop
100
C
a
m
b
e
rl
in
e
 c
u
rv
a
tu
re
(
%
)


c
Old camberline
Bézier control points
New drooped camberline
Control of droop
magnitude
Extent of droop ( )/c
Magnitude of Droop ( )LE/c
0
 
Figure 9-5: Definition of droop used and its method of generation. 
 
 
Figure 9-6: The calculated effect of droop, with a spikeless leading edge on the total incidence 
range: Incidence measured relative to the zero-droop case. 
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The results show three key regions to the graph: The first region, for leading edges with 
positive droop (e.g. Blade A), the incidence range is lower than with the spikeless leading edge; the 
second region, for leading edges with negative droop and high camberline curvature (e.g. Blade C) 
the incidence range is also lower; the third region, for leading edges with negative droop, but low 
camberline curvature (e.g. Blades B and D) the incidence range is very slightly greater than with 
the spikeless leading edge. It is worth noting that in this third region, particularly with point D, that 
despite an overall improvement in incidence range, this is at the expense of positive incidence 
range; this is unlikely to be acceptable to a designer.  
To understand what causes these three regions the failure mechanisms need to be 
understood; this is done by considering the inviscid surface Mach number distributions at the 
failure points (design -3.5° and design +6.5°), thus allowing any change in the development of the 
boundary layer to be understood. The distributions for the two bad blades (A and C) are plotted in 
Figure 9-7; the distributions for the two good blades (B and D) are plotted in Figure 9-8. In both 
cases the distribution for the spikeless leading edge is also included for comparison. 
For Blade A, the negative incidence range is reduced because the pressure surface spike has 
grown; the resultant shock increases in strength promoting the boundary layer separation on the 
pressure surface. At high incidence the positive droop relieves the flow around the leading edge, 
but loss is dominated by the effect of the mid chord shock, which is unaffected; therefore there is 
no benefit to the positive incidence range. The trend is the same for all positively drooped leading 
edges and the size of the pressure surface spike is a function of the deflection of the leading edge 
point. 
 
 
Figure 9-7: Calculated inviscid surface Mach number distributions of drooped leading edges that 
perform badly: Blades A and C. 
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For Blade C the positive incidence range is reduced because the high camberline curvature 
causes the spike to become very large at positive incidence; this causes transition to jump to the 
leading edge. At negative incidence this curvature is too extreme and far forward to affect the size 
of the pressure surface spike. The result is no reduction in spike height and thus no improvement in 
incidence range. 
For Blade D the change in camberline curvature is more gradual and starts further rearward; 
it is now in a region where it may affect the pressure surface spike. The negative incidence range 
increases because the pressure surface spike is now smaller. The lower camberline curvature also 
has less of an effect on the suction surface spike height; this remains small enough at the highest 
incidence not to initiate transition (Dspike = 0.13). The failure in this case is equivalent to that seen 
with the elliptical leading edge in Figure 9-3.  
The final leading edge, on Blade B, has a small benefit because the pressure surface spike is 
slightly reduced, and the suction surface spike remains small. This point is of particular interest as 
MISES suggests it to be the best operating point to maximise positive incidence range whilst 
maintaining the negative incidence range.  
 
 
Figure 9-8: Calculated inviscid surface Mach number distributions of drooped leading edges that 
perform well: Blades B & D. 
 
It can thus be seen that any positive droop will make the pressure surface spike, and thus the 
pressure surface bubble loss, more sensitive to incidence. Negative droop makes the suction surface 
spike more sensitive to incidence; however, because the shock boundary layer interaction occurs at 
mid-chord, this is only detrimental if transition jumps to the leading edge. This case is most likely 
to happen if the camberline curvature is loaded far forward; if it is increased gradually from further 
   129 
rearward then it is less likely and the reduction in the pressure surface spike can improve the 
negative incidence range. 
It is worth noting that these effects are all small and, when compared to the symmetrical 
spikeless leading edge, only marginal benefits are obtained. Thus the spikeless leading edge with 
no droop is close to optimal. These tests have only, however, considered droop with one thickness 
distribution, the next section considers whether droop may be more beneficial if changes to the 
thickness distribution are also possible. 
9.2.2 Asymmetric leading edge optimisation 
The results above imply that leading edges with no droop or very small negative droop are 
desirable; the results in Chapter 6 imply that sharp leading edges are also desirable. In this section 
an optimisation is performed in order to test whether these conclusions are still true when both the 
leading edge camber and thickness distribution are allowed to vary together.  
The optimisation was done in a similar way to the one presented in Chapter 6, but with three 
key differences: firstly, the baseline blade was the high speed design, tested above; secondly, to 
allow two surfaces and droop to be parameterised separately the number of basis functions used per 
surface had to be reduced; and thirdly the performance metrics to determine blade quality were 
altered. 
A lower number of basis functions per surface were used to prevent the total number of 
parameters excessively increasing the time taken for the optimisation. On each of the suction and 
pressure surfaces four uniformly spaced Bernstein polynomials were used to span Shape space (see 
Figure 9-9(a)). Such a reduction was deemed acceptable due to the low number of basis functions 
required to describe the original, low-speed optimal. In addition two parameters were used to 
characterise droop, extent of droop (xcl_cut) and magnitude of droop (δLE); the method of calculation 
is the same as that used earlier in the chapter (see Figure 9-9(b)). 
To determine the performance metrics, the blade was run over the whole operating incidence 
range. The positive and negative incidence ranges were then quantified as the deviation from 
design incidence, in that direction, that resulted in the profile loss doubling. These were normalised 
by the respective incidence ranges for the baseline blade; the method is shown schematically in 
Figure 9-10. As in the previous optimisation the objective functions aimed to increase positive 
incidence range and minimise the loss at design incidence. A constraint to maintain negative 
incidence range was enforced. 
The blade geometry produced by the optimisation is compared to the baseline in Figure 9-11. 
The figure plots the leading edges in Cartesian space and also shows the Shape space 
representation of the thickness distribution. Also included in the plot of Shape space are the 
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distributions for a 3:1 elliptical leading edge and a circular leading edge for reference. The new 
leading edge will, from hereon, be know as the aerodynamic optimal. 
 
 
Figure 9-9: Method of parameterisation demonstrated for baseline LE: Asymmetric thickness 
distribution and droop. 
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Figure 9-10: Performance metrics, demonstrated for baseline leading edge: Objective functions in 
red; constraints in blue. 
 
There are two interesting points: Firstly the leading edge has remained sharp and has a 
similar radius of curvature at the leading edge point to the spikeless LE (aerodynamic optimal 
rLE/tLE = 5.45%, baseline rLE/tLE = 5.04%); secondly, the leading edge has slight negative droop 
(δLE/tLE=-2.21%). The magnitude of this droop is similar to that seen as the best in Figure 9-6, 
labelled as point B (δLE/tLE=-3.63).  
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Figure 9-11: Result of optimisation in Shape space and Cartesian space. (Compared to Elliptical 
and Circular leading edges) 
 
It is also interesting to note that the optimisation has resulted in a bulge in the pressure 
surface. The reason for this can be understood by looking at the inviscid surface pressure 
distribution at negative incidence, as shown in Figure 9-12(a). The optimiser has found a solution 
that has a double shock structure on the pressure surface. The effect this has in the viscous flow, 
shown in Figure 9-12(b), is to reduce the overall spike height because the shocks have been 
smeared out. 
 
 
Figure 9-12: Comparison of calculated inviscid and viscous surface pressure distributions for the 
Aerodynamic optimal and the spikeless leading edge. Iinlet = design – 2.5°. 
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With this optimised leading edge the effect on incidence range is shown in Figure 9-13. 
When compared to the spikeless leading edge the negative incidence range and the loss at design 
incidence have been maintained; the positive incidence range has been improved slightly. It is still 
interesting to note that the improvement over the spikeless leading edge is marginal. 
The result of the optimisation is therefore a novel leading edge design. This uses asymmetry 
to control the shock locations on the pressure surface around the leading edge. What is not clear, 
however, is whether this is still true when the effects of manufacture deviations are considered. The 
performance of this aerodynamic optimal, when affected by manufacture deviations, is discussed in 
the summary presented at the end of the chapter. 
 
 
Figure 9-13: Comparison of calculated performance between the spikeless leading edge and 
asymmetric optimised leading edge. 
 
9.3 The effect of manufacture deviations 
In reality the conclusion that the idealised leading edge is sharp and not drooped relies on the 
assumption that blades, when operated in engines, will match the design intent. In this section this 
assumption is removed and the effects of real manufacture deviations are considered. In the first 
part of this section the methodology of applying deviations to generic leading edges is explained; in 
the second part, the effect of deviations on three standard leading edges are considered in order to 
determine the effect of sharpness; and in the third the effect of leading edge droop is brought in by 
performing an optimisation. 
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9.3.1 Applying deviations to generic leading edges 
The manufacture deviations were obtained from the measurement of forty five forged stators. 
The leading edges of these stators had been automatically ground to a high precision. The stators 
were measured using a three dimensional GOM scanner with a resolution 40 times greater than the 
leading edge thickness. A constant radius section at mid-height was extracted and used for the 
analysis; this corresponded to the same section used in the optimisation described above. For each 
2D section, the surface normal deviations were calculated relative to the mean deviated blade as a 
function of distance along the camberline. 
In order to limit the effect that the deviations had to the leading edge region, the deviations 
were only applied over the first 10% of the camberline. The magnitude of the deviations was 
smoothly reduced to zero over the next 20% of camberline using a cosine function; this is 
demonstrated graphically in Figure 9-14(b). 
In order to check whether the sample size taken was adequate to characterise the deviations, 
their normality was checked using a Kolmogorov–Smirnov test. This was performed on the 
principle components of the deviations. All components were found to be normal; a significance 
level of 5% was used for rejection of the hypothesis that the data were normal. 
 
 
Figure 9-14: Application of the measured deviations to generic leading edges. 
 
The measured deviations were then applied to new leading edges. To be as realistic as 
possible deviations were applied by following a pseudo manufacturing process. Firstly the 
deviations were machined on by rolling a tool around the original blade surface, if the deviation 
was positive (i.e. thickening the blade) then the tool added material, if it were negative the tool 
removed material. A final pass over the blade smoothed any discontinuities and regions of 
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unrealistic curvature. The minimum surface curvature was set to be 0.05% of chord; this was 
increased for a 70° sector at the leading edge to 0.15% of chord in order to prevent grid failures in 
MISES. An example showing the application of deviations is given in Figure 9-14(a). In this figure 
the black line is the design intent, the red line is the deviated blade and the radii of the cyan circles 
represent the magnitude of the deviation at each location. 
This method of applying deviations was felt to be appropriate for a number of reasons: 
Firstly it is robust and assumes that the magnitude of deviations is fixed by the manufacturing 
process; this means that larger leading edges will have smaller relative deviations. Secondly it only 
considers the deviations from the mean, thus ignoring bias errors which are more likely to be 
unique to each production line. 
As an example, the baseline symmetric leading edge used in the previous section is shown in 
Figure 9-15; the design intent is shown in black, the deviated blades are shown in cyan. Also 
shown is the effect that the deviations have on profile loss. It can be seen that there is a spread in 
the negative and positive incidence ranges of approximately 1°. For the negative incidence side 
some deviated leading edges are better than the design intent, some are worse; for the positive 
incidence side all deviations are detrimental. Also of note are a number of cases where the spike 
causes premature transition, seen as a step in the loss loop; for these leading edges however none 
have premature transition at design incidence. 
 
 
Figure 9-15: Deviations to the spikeless LE and the calculated effect on the profile loss. 
 
9.3.2 The effect of manufacture deviations on three leading edges 
To test whether sharp leading edges are still desirable, even with manufacture deviations, 
three leading edges were tested: The baseline symmetric optimal, a 3:1 elliptical leading edge and a 
circular leading edge. The performance of the design intent blades are shown in Figure 9-13. To 
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quantify the effect of manufacture deviations two metrics were used: the overall incidence range 
(the sum of the positive and negative incidence ranges) and the inviscid suction surface spike 
diffusion factor, Dspike, at design incidence. The spike diffusion was chosen rather than loss at 
design incidence because, based on the findings of Chapter 7, it was felt this would give a better 
metric of leading edge quality. 
Histograms representing the two metrics for all the deviated blades are shown in Figure 
9-16; the left hand plot represents the spike at design incidence, the right hand plot the incidence 
range. The performance of the three design intent leading edges are represented as dashed lines, the 
mean value of the deviated blades using a dot-dash line. In each case a normal distribution has been 
fitted over the histograms to give the reader an insight into the normality of the results. 
The first point to note is that the mean effect of deviations is always detrimental; the metrics 
for the mean of the deviated blades are always worse than for the design intent. The second point is 
that the effect of deviations does not affect the relative rankings of the three leading edges. The 
baseline leading edge is still better than the elliptical leading edge which is still better than the 
circular leading edge. 
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Figure 9-16: The calculated effect of deviations on design incidence spike diffusion and incidence 
range for three leading edges: Comparison to the design intent. Also shown are approximated 
normal distributions. 
 
   136 
A more subtle point, when comparing the incidence ranges for the baseline and elliptical 
leading edges, is that the distributions become skewed and that the assumption of normality 
becomes invalid. This occurs because an upper limit exists for the incidence range, set by the 
overall blade design. For both leading edges many of the deviated blades approach this limit, 
however, with the spikeless leading edge, more blades fall far short; this is caused by a number of 
poor outliers that become much thinner and thus fail at extreme incidences. Thus despite having a 
higher mean incidence range, the spikeless leading edge also has a higher deviation in incidence 
range. 
The question is therefore raised of whether even larger manufacture deviations would change 
the conclusion that sharper leading edges are better. To test this, the deviations were scaled by a 
constant factor and then applied to the three leading edges. It must be highlighted that magnifying 
the deviations is not likely to be truly representative of real manufacture processes, but that it may 
be useful to determine trends. 
The effect of deviation magnitude on the mean incidence range is shown in Figure 9-17. It 
can be seen that at the highest deviations tested the elliptical leading edge becomes preferable. The 
reason for this is that the worst deviated elliptical leading edges are not as bad as the worst deviated 
baseline leading edges; this is similar to the trend shown in Figure 9-16. It is, however, worth 
noting that the largest deviations have become comparable to the leading edge size. It is unlikely 
that such deviations would occur in practice and if they did they would be characteristically 
different to the measured data. Further testing is therefore required with very large deviations, but 
for the deviations measured, sharp leading edges are preferable. 
 
 
Figure 9-17: The calculated effect of deviation magnitude on mean blade incidence range for three 
leading edges. 
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9.3.3 A robust optimal 
The final question to be asked in this chapter is what the best leading edge geometry is when 
manufacture deviations are considered; is it drooped/non-drooped and is it still sharp? Evidence 
that it may not differ from the aerodynamic optimal was presented by Garzon & Darmofal (2004) 
with further details in Garzon (2003). They optimized the profiles of two compressor blades with 
manufacture deviations imposed. In both tests, one transonic (M1 = 0.9, Rec = 5.7 x 105) and one 
supersonic (M1 = 1.25, Rec = 5.8 x 105), they aimed to minimise the mean profile loss at design 
incidence. They found that the resultant blades in both cases were very similar to their respective 
aerodynamic optima. In their work however, because they were optimising the whole blade, the 
fidelity of the parameterisation around the leading edge was low and thus the concepts of sharpness 
and droop would not have been be captured. 
In this section an optimisation is performed that specifically changes the droop and the 
sharpness of the leading edge. In contrast to the previous optimisation presented earlier in this 
chapter, two changes are made: firstly a process for including the manufacture deviations is used; 
and secondly, due to a large increase in computational demand for each calculation, the number of 
parameters is reduced to two, thus reducing the number of iterations required. 
The two parameters that are controlled are the radius of curvature at the leading edge point, 
leading edge sharpness, and the displacement of the leading edge point perpendicular to the local 
camberline, magnitude of droop. The leading edge radius of curvature was used to control the 
thickness distribution designed in Shape space. A quadratic function was fitted in shape space; the 
leading edge radius of curvature set the intercept S(0), the quadratic was then fully constrained by 
ensuring continuity in magnitude and gradient at ψ=1 (2.5tLE). The Camberline was also allowed to 
vary over the first 2.5tLE (this value was chosen because it had offered the greatest benefit to the 
non-deviated leading edge, see Figure 9-6). The same method of drooping the camberline as 
described in Section 9.2.1 is used. A description of the parameters is shown in Figure 9-18. 
At each stage of the optimisation a design intent blade was produced and checked for leading 
edge thickness. Forty five blades were then generated each having one of the characteristic 
deviations measured off of the production line. Each of these blades was run in MISES and the loss 
at design incidence, the positive incidence range and the negative incidence range were calculated.  
The mean value of each of the three metrics was calculated by averaging over all blades. The 
objective functions for the optimisation were then to maximise the mean positive incidence range 
and minimise the mean loss at design incidence. The constraints were to maintain the mean 
negative incidence range as well as for the design intent leading edge thickness to be surpassed. 
500 iterations were performed taking 11 days on 8 CPUs. 
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Figure 9-18: Method of parameterisation demonstrated for spikeless LE: Single parameter 
symmetric thickness distribution and single parameter droop. 
 
The leading edge produced by the optimisation is similar to that of blade B in Figure 9-6; 
this is known as the robust optimal. The droop is slightly negative, δLE = -0.036tLE, and the leading 
edge is sharp, rLE = 0.049tLE (baseline leading edge: δLE = 0, rLE = 0.050tLE). The effect that this has 
on the performance of the design intent is shown in Figure 9-19 where it is compared to the 
spikeless leading edge; also included are the circular and elliptical leading edges for reference. 
 
 
Figure 9-19: Comparison of calculated performance between the design intent spikeless leading 
edge and the design intent robust optimal. 
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The figure shows whilst very similar to the spikeless leading edge, there is a small 
improvement in both negative and positive incidence ranges. To quantify the improvement to the 
design intent, the incidence range is increased by 1% (Spikeless 9.9°, Robust Optimal 10.0°). In 
both cases there is no spike at design incidence. 
The effect that the optimisation has for the deviated blades is shown in Figure 9-20. This 
figure shows histograms representing the spike height at design incidence and the total incidence 
range. Also marked on the figures are the values for the design intent blade and the mean of the 
deviated blades. In the figure, the one significant change that can be observed is that, with the 
robust optimal, no blades have an incidence range less than 9°. Because there are no particularly 
bad blades the mean incidence range of the deviated blades is better than that of the baseline. It is 
also worth noting that the effect of the manufacture deviations on the spike at design incidence is 
very similar between the two leading edges. 
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Figure 9-20: The calculated effect of manufacture deviations on the spike diffusion at design 
incidence and the overall incidence range; result of optimisation calculated in MISES. 
9.4 Summary of optimisations 
In this Chapter two optimisations have been performed. The resulting blades have been 
compared to ones with the spikeless leading edge, a traditional circular leading edge and a state of 
the art 3:1 elliptical leading edge. In this section a number of key geometric and performance 
parameters are extracted to provide an overall comparison; these are summarised in Table 9-A for 
numerical values as well as Figure 9-21 for a graphical representation.  
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The first key point that can be obtained from this result is that the geometric differences 
between the two optimal leading edges and the spikeless leading edge are small; the leading edge 
radius of curvature is similar and very little or no droop is preferable.  
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Figure 9-21: Graphical comparison of key parameters for leading edges tested in this chapter. 
 
The second key point is the performance of the aerodynamic optimal when manufacture 
deviations are considered. By allowing the optimiser the find the best solution, it has found a very 
narrow global optimum; small geometric deviations therefore have a significant effect on loss. This 
highlights the dangers of automatic design and the care users should take when accepting solutions.  
 
Design intent Mean deviated LE LE radius 
(rLE/tLE %) 
Droop 
(δLE/tLE %) Incidence 
range 
Dspike at design 
incidence 
Incidence 
range 
Dspike at design 
incidence 
Spikeless 5.0 0.00 10.3 0.000 9.9   0.003 
Aerodynamic 
optimal 
5.5 -2.21 10.5 0.000 9.6 0.006 
Robust optimal 4.9 -3.63 10.5 0.000     10.0   0.003 
Circular 28.8 0.00     7.7 0.354 7.3   0.384 
3 :1 Elliptical 12.0 0.00 9.5 0.038    9.4   0.059 
9-A : Tabular comparison of key parameters for leading edges tested in this chapter 
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9.5 Conclusions 
The work in this chapter shows that the spikeless leading edge, presented in Chapter 6, is not 
only the best leading edge aerodynamically, but is also the leading edge most robust to manufacture 
deviations. The key parameter for both cases is the surface radius of curvature at the leading edge 
point; this should be around 5% of leading edge thickness. In addition these leading edges had 
either no droop or a very small negative droop. 
The effect of even larger deviation magnitudes was investigated. It was found that as they 
became very large, greater than 30%tLE the spikeless leading edge, due to its sharpness, became 
thin and sensitive. At the largest deviation magnitudes tested a 3:1 elliptical leading edge was 
preferable. 
An optimisation was performed without considering manufacture deviations. This obtained 
the correct ‘key’ geometry parameters highlighted above, but also had a bulge on the pressure 
surface that did not affect performance. However when deviations were added, this had a 
disproportionate affect, causing the mean negative incidence tolerance to reduce dramatically. This 
highlights the fact that care needs to be taken if blind, automatic design systems are used. 
Finally, it has been observed that droop is not beneficial for the first flight of an aircraft, 
however, during service much of the leading edge erosion is linked to the pressure surface, due to 
the ballistic nature of erosive particles. Therefore the next question that is raised is what geometry 
should a leading edge be if it is to perform well over a long operational life? 
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Chapter 10  
Conclusions 
This aim of this thesis was to develop leading edge geometries for compressor blades that, 
when used in aero-engines would improve efficiency and thus reduce fuel burn. In this final chapter 
the major findings of this work are summarised and recommendations for future work outlined. 
10.1 Major findings 
The leading edge of a compressor blade can be characterised aerodynamically by a localised 
spike in the surface pressure distribution. These spikes have been shown to increase the loss 
generated by a blade, only when they become large enough to cause the boundary layer to separate. 
It should therefore be the aim of a blade designer to ensure that these spikes remain small over the 
operating incidence range of a blade and throughout its operational life. 
The limiting spike diffusion, that distinguishes between attached and separated leading 
edges, has been quantified in the form of a criterion. To ensure that the spike is not detrimental then 
the spike diffusion factor should be kept below 0.1. The spike diffusion factor is based on the 
inviscid spike height and is therefore quick to calculate and not affected by the collapse of the spike 
caused by the separation bubble. 
Large spikes may have an even greater detrimental effect close to the blade endwalls. Over 
the first 30% of span the leading edge has a large effect on the size of the three-dimensional 
separations that exist between the endwalls and the blades’ suction surfaces. By changing from a 
leading edge that was attached to one that was separated the endwall loss doubled; suction surface 
profile loss increased by 30%. 
In order to avoid spikes where possible, an idealised leading edge was developed that when 
used on a blade allowed the highest possible incidence range whilst minimising loss at design 
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incidence. This sharp leading edge had no spike over most the incidence range; the leading edge 
geometry was initially parabolic before smoothly merging onto the blade surface. A simple method 
was outlined that makes it easy to attach it to the thickness distribution of any blade. 
This sharp leading edge was also found to be the best when the effects of real manufacture 
deviations were considered; asymmetry was found to be bad and bluntness was only beneficial 
when unrealistically large deviations were considered. Therefore a designer wishing to produce a 
leading edge for use in engines should make them, wherever possible, sharp. 
10.2 Recommendations for future work 
The work in this thesis shows that if a blade has a good leading edge then the benefits of 
laminar flow can be exploited. It will, however, only be practical if these benefits can be achieved 
and maintained through the life of each blade. Thus the author recommends that future work in the 
area should answer three questions: Firstly, under what range of inlet flow conditions is laminar 
flow blading feasible; secondly, whether it is possible to maintain laminar flow on these blades 
throughout engine life; and thirdly, on those blades where laminar flow is practically achievable 
can consideration of laminar flow in the design process improve blade geometries? 
10.2.1 Inlet flow conditions for laminar flow 
It is clear from the work of Küsters (1999) that when Reynolds numbers or Turbulence 
intensities become large (Rec > 1x106, Tu > 3.5%), the leading edge becomes more receptive to 
transition. Thus when these levels are approached or exceeded, attaining laminar flow will become 
increasingly difficult. In such cases it is likely that the assumption of fully turbulent boundary 
layers will be appropriate. 
In addition the effect that high inlet Mach numbers have on the flow local to the leading edge 
is not well understood with any local shock waves likely to initiate premature transition. Studying 
the unsteady flow around a transonic leading edge would therefore be physically interesting and 
potentially important. 
Overall a study that highlights the areas of the engine where it would be impractical to 
design for laminar flow should be performed. Such a study should focus on three key variables: the 
inlet Mach number, the inlet Reynolds number and the wedge angle of the leading edge; the latter 
of which is likely to be constrained by the Mach number. 
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10.2.2 Maintaining laminar flow through life 
Maintaining laminar flow leading edges through life requires a combined look at the 
manufacture process as well as the processes that lead to in-service erosion. 
The effect of manufacture variations was studied in Chapter 9; these studies would be 
complemented by a full, robust, leading edge optimisation that allowed the provision of leading 
edge asymmetry beyond a simple droop parameter. A computational investigation of the effects of 
manufacturing variations on a multi stage machine would also be interesting. This could be 
modelled by considering the leading edge quality as a probability density function and setting blade 
transition, at either the leading edge or peak suction, depending on this. 
In addition, the effect of in-service erosion is likely to further degrade the leading edge 
quality by increasing geometric deviations and increasing surface roughness. The magnitude of 
these two effects should be quantified and the key regions of the engine in which they occur 
determined. To achieve this would require analysis of real in-service blades as well as experiments 
to determine whether sharp leading edges are still better after they have been eroded. 
An additional question is whether initially drooped leading edges may be beneficial. It is 
reasoned that, if the pressure surface is eroded more than the suction surface, then a drooped 
leading edge may degrade more slowly over life as it will tend to become more symmetric. To 
answer this question would require experimental evidence as well as an understanding of the solid-
mechanics involved; this should be used to determine what the key material properties are, i.e. 
size/hardness of the eroding particles. An additional use of this research would be to determine 
whether it would be economically beneficial to apply coatings to leading edges in order to reduce 
the rate of erosion. 
10.2.3 Design of laminar flow compressor blades 
On those blades where laminar flow is likely the possibility exists of improved design 
philosophies in order to reduce profile loss. Liebeck (1973) showed that the optimal surface 
pressure distribution for external aerofoils is significantly changed if laminar flow is allowed. Such 
laminar flow aerofoils are used on many modern aircraft and have the location of peak suction 
further rearward than conventional designs. On compressor blades a similar change in design may 
also be beneficial, but this will need to fulfil two requirements. Firstly at the high Reynolds number 
take of condition the blade must still perform adequately and secondly the operating incidence 
range must not be compromised. A third question that would need to be asked is how the location 
of peak suction affects the unsteady transition process on the blade; would moving it rearward 
benefit or detriment the transition process? 
   145 
A second objective would then be to extend the design philosophy to three-dimensions. To 
achieve this would require an understanding of the real benefits of three-dimensional blading in 
engines as well as the consequences of aspect ratio on the flow field. Such three dimensional 
designs are likely to be achieved through a combination of aerodynamic understanding and an 
efficient method of parameterising three dimensional geometries. 
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